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Abstract The use of large-eddy simulation at a resolution insufficient to resolve the largest turbulent
eddies frequently suffers from an overestimation of vertical mixing in the nocturnal boundary layer. The
resulting biases in the mean thermodynamic structure—typically an overestimation of the near-surface
temperature, and underestimation of the boundary layer top temperature—could potentially influence the
formation of low clouds or fog. Whether this is likely to happen is assessed using both observations, and a
newly developed conceptual model. First, observations from Northwestern Europe (Germany and
Netherlands) are used to characterize the humidity conditions at night. The results indicate that saturation
most likely occurs at the surface, but that the conditions at 200 m height are also often close to saturation.
Second, the conceptual model is used to study whether overestimating vertical mixing, and the resulting
negative temperature biases at the boundary layer top, could result in a spurious formation of low clouds in
large-eddy simulations. The results convincingly indicate that this is unlikely to happen, as overestimating
vertical mixing decreases the relative humidity throughout the nocturnal boundary layer.

1. Introduction

Large-eddy simulation (LES) is slowly moving from purposefully process studies to conditions that endeavor
to be as realistic as possible. Examples include running LES continuously (days to years) forced by a weather
model—and hence closely tied to the observed state—either to validate or develop convection parameter-
izations (Neggers et al., 2012), study long-term turbulence statistics (Schalkwijk et al., 2015a), or validate or
compare LES with observations (Heinze et al., 2017). In addition, LES has recently been used to perform
weather hindcasts on domains as large as the Netherlands (�400 3 400 km2, Schalkwijk et al., 2015b) and
Germany (�750 3 750 km2, Heinze et al., 2016).

With traditional idealized LES experiments, the domain size (L) and grid spacing (D) are typically adjusted
for the process being studied, to keep the computational costs manageable. This results in a wide variety of
LES setups, ranging from experiments with DO(1 m) and LO (100 m) for studies of the nocturnal boundary
layer (NBL, e.g., Beare et al., 2006), up to DO (100 m) and LO (100–1,000 km) for studies of deep convection
(e.g., Hohenegger et al., 2015). The previously mentioned realistic experiments, when covering the full diel
cycle, should (at least in theory) use a grid spacing of Oð1 mÞ to resolve the small nocturnal eddies, within a
domain of Oð100 kmÞ to allow for the development of the largest convective structures. As such experi-
ments are computationally not feasible—both now and in the foreseeable future—often sacrifices are
made, using a resolution which is sufficient to resolve daytime convection, but insufficient to resolve all tur-
bulence at night (e.g., Schalkwijk et al., 2015a; van Stratum & Stevens, 2015).

In such a low-resolution LES setup (low-resolution with respect to the resolution required to resolve turbu-
lence at night), the mean thermodynamic structure of the NBL is often poorly represented. There is some
justification for this approach, as previous work has shown that for unsaturated conditions, the misrepresen-
tation of the nighttime conditions has little impact on the following day of convection (van Stratum & Ste-
vens, 2015, hereinafter: vSS15). However, the work of vSS15 only focused on the fundamental principle
behind LES—turbulent mixing—and part of the robustness of the daytime evolution was shown to result
from the fact that biases in vertical mixing did not substantially alter the nighttime energy balance. How-
ever, in the presence of moisture, biases in vertical mixing can influence, or offset other important pro-
cesses, like the formation of fog or clouds (e.g., Duynkerke, 1999) or radiation (e.g., Edwards, 2009; Garratt &
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Brost, 1981). Especially the interaction between these two pro-
cesses—the influence of clouds on radiation and the nighttime
energy balance—has the potential to further modify the NBL develop-
ment. In addition, if spurious nocturnal clouds persist into the early
morning, a reduction in the incoming shortwave solar radiation can
reduce the surface heating which drives the development of the con-
vective boundary layer, potentially further influencing the onset or
intensity of convection (Anber et al., 2015; Yin et al., 2015).

In low-resolution LES, as well as models based on the Reynolds Aver-
aged Navier-Stokes (RANS) equations, vertical mixing is often overesti-
mated at night (Cuxart et al., 2006; de Roode et al., 2017; Holtslag
et al., 2013; Mauritsen et al., 2007), typically causing a positive temper-
ature bias near the surface, and a negative temperature bias near/
above the boundary layer top, as illustrated in Figure 1. This has the
potential to influence fog or low clouds in two ways: (1) the positive
temperature bias near the surface causes an absence of fog occurring
in reality, and/or (2) the negative temperature bias aloft causes a spu-
rious formation of low clouds.

We study how likely these biases in the formation of fog or low clouds occur, using both observations over
Germany and the Netherlands, and a newly developed conceptual model. Like in vSS15, the main concern
is whether nocturnal biases have the potential to influence the following day of convection. Therefore, the
analysis is limited to the May through August period, and nights in between convective days. Although this
leaves out the months in which fog most frequently occurs over Europe, this allows us to focus on the peri-
ods in which the use of LES is arguably most beneficial through its explicit representation of daytime con-
vection. In addition, we focus on processes in the NBL, and neglect e.g., radiative processes at the top of the
(residual) convective layer. The latter can be important for stratus or stratocumulus formation (Fitzjarrald &
Lala, 1989), but we expect these conditions—by virtue of the scale of the eddies that are driven by this cool-
ing—to be better handled by the LES model.

First, the observation from Cabauw in the Netherlands and two sites, Hamburg and Karlsruhe, in Germany
are used to characterize the humidity conditions at night. Using the observations, several questions can be
answered, for example how often the NBL saturates, where it saturates (near the surface or higher up), or
how close the NBL gets to saturation. The latter can be especially important given the negative temperature
biases near or above the NBL top (Figure 1).

Second, we address the question whether overestimating vertical mixing can cause a spurious formation of
low clouds which do not occur in reality or the absence of mixing biases. When introducing moisture, the
parameter space of an LES setup increases greatly compared to a setup without moisture, which compli-
cates the design of a representative experiment, or set of experiments. For this reason we developed a con-
ceptual model which—given the total nocturnal cooling (time integral of the surface heat flux over the
nocturnal period) and the depth over which the cooled air is mixed—reproduces the vertical structure of
the NBL for a variety of conditions. This work builds on a long tradition of using bulk (or idealized) concepts
to model the atmospheric boundary layer, for convective (e.g., Betts, 1973; Lilly, 1968; Stevens, 2006; Ten-
nekes, 1973) and stable (Stull, 1983a, 1983b; Van de Wiel et al., 2002) conditions, and study the moisture
characteristics and evolution of such boundary layers (e.g., Ek & Mahrt, 1994; Fitzjarrald & Lala, 1989). We
build on the work of Stull (1983a, 1983b), but derive a modified vertical NBL structure from LES experiments,
which is more representative for the cases that are being considered, and the typical NBL structure pro-
duced by LES. Using the conceptual model we can study how overestimating vertical mixing influences the
relative humidity for a wide range of conditions, using only a fraction of the computational resources that
would be required to perform the same experiments with LES. In addition, the conceptual nature of the
model allows us to develop a more fundamental understanding of how mixing biases influence the relative
humidity in the NBL.

We start the observational study in section 2 with a description of the measurement sites, followed by the
methods used for the selection and analysis of the relevant nights in section 2.2. In sections 2.3 and 2.4 the

Figure 1. Typical NBL bias in low-resolution LES.
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general characteristics and extremes of the nocturnal conditions are discussed. The second part of this
paper starts in section 3.1 with the derivation and validation of the conceptual model, followed by the
numerical experiments in section 3.2. Finally, the paper is concluded in section 4.

2. Moisture Characteristics of European Summertime Nights

To quantify the humidity conditions of summertime nights, and the spatial differences across northwest
Europe, we analyze data from three measurement sites (Figure 2). The sites at Cabauw, Hamburg, and Karls-
ruhe were selected because of the availability of tower measurements and the relative long observational
records that are available for these sites: for this study 2001–2014 for Cabauw and Karlsruhe, and 2004–
2012 for Hamburg. Although all three locations are in the same K€oppen-Geiger climate classification, the
characteristics of the sites are quite diverse.

2.1. Description Observation Sites
Hamburg is located in the northern part of Germany, 75–100 km from both the Baltic and North Sea. The
weather mast (280 m high), operated by the University of Hamburg, is in close proximity to the city
(53.528N, 10.108E), with adjacent industrial areas and community gardens, and more rural terrain toward the
east (Br€ummer et al., 2012). As shown in Figure 2, the prevailing winds in Hamburg are westerly, placing the
observation site downwind of the city.

The Cabauw Experimental Site for Atmospheric Research (CESAR) is located in the western part of the Neth-
erlands (51.978N 4.938E), at 40 km distance from the North Sea. The measurement site is located in a low
(0.7 m above sea level) and flat polder, with the tower (200 m high) surrounded by relatively homogeneous
open pasture and small drainage ditches (Van Ulden & Wieringa, 1996).

Karlsruhe is on the southwestern border between Germany and France. The measurement site (49.108N,
8.438E), operated by the Institute for Meteorology and Climate research—Karlsruhe Institute of Technology
(KIT), is located in the relatively flat Rhine valley, but with stronger orography (Odenwald, Pf€alzerwald, and
Schwarzwald) in the near vicinity. As shown in Figure 2, this has a strong impact on the wind direction

Figure 2. Map showing the location of the measurement sites and orography, with indication of the May through August
wind direction of each measurement site.
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(Kalthoff & Vogel, 1992). The measurement tower (200 m high) is
located in a pine forest, with the observations below 20 m collected at
a small meadow directly north of the tower.

Given the location of the sites, certain relevant characteristics, like the
soil moisture content, are expected to differ. As not all sites provide
such observations, this could unfortunately not be included in the
analysis. Furthermore, the two lowest observation levels for all sites
are at 2 and 10 m height, because of which fine details in the NBL
development might be missed in the analysis. High-resolution sound-
ings could have improved this, but are not routinely available at the
three selected sites.

2.2. Data Selection and Analysis Method
Because of the current study’s interest in daytime convection, the analysis focuses on the summer (May
through August) period. Compared to vSS15, who only analyzed data from clear (cloudless) nights, the sam-
pling criteria is relaxed to nights in between relatively clear (and with that, most likely convective) days. This
way, nights at which fog or low clouds occur are included in the analysis. The total and sampled number of
nights are shown in Table 1, the sampling criteria and procedure is described in Appendix A. Unless stated
otherwise, from this point on nights will refer to the sampled set of nighttime conditions.

For all nights, the temporal evolution of the NBL is studied over the period at which the lower atmosphere
is stably stratified (h10m

q 2h2m
q > 0, with hq the potential density temperature hq5hð110:61 qÞ). The first

time in the evening at which this criteria is met is referred to as tN0, the last time in the morning as tN1, and
the time in between is normalized as t̂5ðt2tN0Þ=ðtN12tN0Þ. This ensures that the initial vertical profiles like
the potential temperature and specific humidity are close to the (well-mixed) convective conditions, and
the temporal evolution over the period t̂5f021g describes the deviation from the convective conditions.
At or just after tN0, the specific humidity often changes on very short timescales (Acevedo & Fitzjarrald,
2001; Fitzjarrald & Lala, 1989). Depending on the exact choice of tN0, such abrupt changes might be
excluded from the nighttime evolution. A sensitivity analysis on the exact choice of tN0 revealed that the
results presented in this section are insensitive to small errors in the choice of tN0. For Cabauw and Ham-
burg tN0 is on average 2.1 h before sunset, for Karlsruhe 2.8 h before sunset. The average night length
(tN12tN0) is 11.7 h for Hamburg, 12.4 h for Cabauw, and 13.3 h for Karlsruhe.

The analysis focuses on moisture related variables like the relative humidity (RH), dew point depression
(T2Td), and specific humidity (q). The selected variables are predominantly studied using two-dimensional
histograms, with the normalized time t̂ on the x-axis, and the probability on the y-axis, with the frequency
within each time bin normalized to unity.

2.3. General Characteristics
The analysis starts with a comparison of the initial conditions, to differentiate initial differences from differ-
ences introduced during the nocturnal period. Next, the temporal evolution of the relative and specific
humidity is described, and further studied using the relative humidity budget equation. Finally, extremes
during the nocturnal period are discussed.
2.3.1. Onset of the NBL
As shown in Figures 3a–3c, the initial (̂t 5 0) relative humidity at 2 m decreases going further inland, from
�65% in Cabauw to �52% in Hamburg and �47% in Karlsruhe, thus showing differences of nearly 20%
over a distance of 400 km. The variation between Cabauw and Kalrsruhe is mostly caused by a difference in
temperature: the initial specific humidity is approximately the same for both sites, but the temperature
differs> 6 K, as shown in Table 1. Although geographically Hamburg is at a higher latitude than Cabauw,
the temperature at the beginning of the night is higher. This difference in temperature, and the lower spe-
cific humidity, might be explained by the close proximity of the measurement site to the city of Hamburg,
and the local influence of cities on temperature (urban heat island, UHI, e.g., Barlow, 2014) and moisture
(e.g., Kuttler et al., 2007). The variation in the initial conditions is similar for all three sites, with standard
deviations in between 4.6 and 4.9 K for the potential temperature, and 2.1–2.6 g kg21 for the specific
humidity. At 200 m (Hamburg: 175 m) height, the initial conditions and differences between the sites are
very similar, since at t̂ 5 0 the boundary layer is still close to being well mixed.

Table 1
Statistics of the Measurement Sites

T ðKÞ q ðg kg21Þ Ntot Nsamp f

Cabauw 290.1 8.3 1,722 867 0.50
Hamburg 291.6 7.5 1,099 530 0.48
Karlsruhe 296.3 8.4 1,709 958 0.56

Note. Median temperature (T) and specific humidity (q) at t̂ 5 0, z 5 2 m.
N 5 total and sampled number of nights which are considered in the statis-
tics, f the fraction Nsamp=Ntot .
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2.3.2. Temporal Evolution NBL
During the night, all sites show the strongest increase in RH near the surface, where Hamburg is most dry
(Figure 3). Despite the large initial difference between Cabauw and Karlsruhe, the latter shows a stronger
increase in RH during the night, resulting in similar early morning (median) relative humidities of 94–95%.
As shown in Figure 4, the specific humidity tendencies during the night are small: for all three sites, the net
and maximum differences between tN0 and tN1 are less than 1 g kg21. Fitzjarrald and Lala (1989) report simi-
lar findings as the results of limited mixing caused by valley dynamics, here it seems that neither evapora-
tion or dew deposition is strong enough to make the specific humidity deviate from the initial well-mixed
conditions. To quantify the contribution of these changes on the relative humidity, the relative humidity
budget is studied (e.g., Ek & Mahrt, 1994):

@RH
@t
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@

@t
q
qs

� �
5

1
qs

@q
@t|ffl{zffl}

dq

2
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@qs

@T
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dT

; (1)

where qs is the saturation-specific humidity. The budget terms—indicating the change in relative humidity
due to drying or moistening of the ABL (dq) and warming or cooling of the ABL (dT)—are calculated approx-
imating the time derivatives as finite differences forward in time (with a 10 min data interval). A time inte-
gration of equation (1) then provides the relative contribution of the two different terms. To prevent an
accumulation or growth of the error, we use the observed RH on the right hand side, instead of the numeri-
cally integrated RH. The results are shown in Figure 5. For all sites the drying of the near-surface layers con-
tributes only �0–4% to the RH tendency, which is an order of magnitude less than the impact of NBL
cooling.

Figure 3. 2-D histograms of the relative humidity at (top) 2 m height and (bottom) �200 m height. The solid line indicates the median value, the dashes lines the
interquartile range.
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2.4. Extremes During the Nocturnal Period
Although the two-dimensional histograms are useful to summarize the typical evolution of the NBL, it is dif-
ficult to obtain extremes from such figures. For example, for the relative humidity in Figure 3, the interesting
details—how often does the NBL saturate?—are difficult to read. Furthermore, since extremes like the

Figure 4. Like Figure 3, for the specific humidity.

Figure 5. Relative humidity budget at 2 m height, derived using equation (1). dT is the contribution of changes in temperature, dq the changes due to changes in
specific humidity, and the grey lines indicate the residual (diagnostic tendency minus prognostic tendency). Solid lines denote median values, the shaded area the
interquartile range.
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maximum relative humidity do not necessarily occur at the same time during different nights, some details
are lost.

As a more strict assessment of these extremes, Figure 6 shows histograms of the minimum dew point
depression observed during all of the sampled nights. At 2 m height Cabauw frequently experiences condi-
tions which are saturated, with a probability of 0.35, corresponding to a frequency of approximately once
every three nights. These findings are in line with the direct visibility measurements (2011–2014, not
shown). For Hamburg and Karlsruhe, the probability is lower: 0.05 (1/20 days) and 0.035 (1/28.6 days),
respectively. For Cabauw the probability decreases with height, to 0.18 (1/5.6 days) at 10 m height and 0.08
(1/12.5 days) at 200 m height. For Karlsruhe the probability slightly increases at 10 m height to 0.045 (1/22.2
days). Considering that we have approximately 4 3 30 nights during the May through August period and
analyze about 50% of them (Table 1), the frequency of finding a saturated night above 2 m height in Ham-
burg, or above 10 m height in Karlsruhe, is very small at about one night during this period.

Although saturated conditions at 200 m height (Hamburg: 175 m) in between convective days are only
rarely observed, all sites are frequently close to saturation. For example, for the range 0 < T2Td � 2 K, the
probabilities are 0.37 (1/2.7 days) for Cabauw, 0.34 (1/2.9 days) for Hamburg, and 0.14 (1/7.1 days) for
Karlsruhe.

Summarized, even for the summer period—which is typically drier than the winter season–Northwest Euro-
pean nights are relatively moist. At 2 m height the late night median relative humidities are as high as 94–
95% for Cabauw and Karlsruhe, and the strong increase in RH during the night is mostly governed by a
decrease in temperature, where changes in specific humidity only play a minor role. Note that this might be
a reflection of our selection criteria, where during clear nights the temperature tendency is expected to be
larger than during cloudy nights, and hence a shift from dT to dq might be expected for cloudy nights.
Despite the high relative humidities, only Cabauw (situated in a low and moist polder) frequently experien-
ces saturation near the surface. Although the probability of finding saturated conditions decreases with
height, the atmosphere at 200 m height is often within 2 K from saturation; conditions in which the nega-
tive temperature bias introduced by excessive vertical mixing (Figure 1) could results in the spurious forma-
tion of low clouds.

3. Implications of Mixing Biases on Nocturnal Low Clouds

The previous section showed that saturation at night most likely occurs near the surface. Given the positive
near-surface temperature biases that arise from an overestimation of vertical mixing (Figure 1), these shal-
low layers of mist are likely absent in models. Furthermore, even in the absence of temperature (or other
model) biases, the vertical grid spacing near the surface is likely insufficient to resolve mist with such a small
(<10 m) vertical extent.

Figure 6. Histogram of minimum dew point depression between tN0 and tN1. The first bin encloses all values from 21 < ðT2TdÞ � 0 K.
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We postulate that the absence of such shallow mist layers in LES is unlikely to influence the NBL develop-
ment, or convection during the following day. To explore this hypothesis, we studied the influence of fog/
mist on the nocturnal radiation balance using an offline one-dimensional radiative transfer model (Pincus &
Stevens, 2013, results not shown). By varying both the vertical extent (0–50 m) and liquid water content (0–
0.5 g m23) of the fog layer, and comparing the net surface radiation with a clear sky experiment, it became
clear that the observed shallow fog/mist layers influence the long-wave incoming radiation by only a few
W m22. In addition, after sunrise these thin mist layers are insufficiently opaque to block the incoming short-
wave radiation, and early morning surface heating typically causes a quick evaporation of such fog layers
(e.g., Stull, 1988), so that their net effect on the overall energy budget is relatively small.

More interesting are the conditions where model biases have the potential to form spurious low clouds, as
the NBL temperatures near or above the NBL top are underestimated (Figure 1) as the result over overesti-
mating mixing. At least in theory, this could create deeper cloud layers which have a stronger impact on
the nocturnal radiation budget, which can persist after sunrise, decreasing the incoming shortwave radia-
tion, and delaying the development of the convective boundary layer (Anber et al., 2015; Yin et al., 2015).

To address whether model biases as illustrated in Figure 1 could cause spurious low clouds, we study the
impact that overestimating vertical mixing has on the relative humidity in the NBL, using a conceptual
model that approximates the typical NBL structure in LES. The conceptual model allows us to perform sensi-
tivity experiments for a wide range of conditions, using only a fraction of the computational resources that
would be required for running the same experiments in LES.

3.1. Description of the Conceptual Model
We consider a nocturnal boundary layer which develops from an idealized convective boundary layer (CBL,
Figure 7a): a mixed layer of depth zc, with a constant potential temperature hhi and specific humidity hqi
(e.g., Lilly, 1968). For European conditions, zc is typically around 1–2 km, with a mixed-layer top relative
humidity (RHc) often close to—but on average less than—100%. The initial relative humidity in the NBL is
mostly governed by zc and RHc, with the highest relative humidities (most favorable for saturation during
the night) arising from a shallow and relatively moist CBL. From zc; hhi, and RHc, the bulk-specific humidity
hqi can be calculated, which—based on the findings of section 2.3 and Fitzjarrald and Lala (1989)—is
assumed to be constant in time throughout the night.

Unlike for convective conditions, where turbulence is typically strong enough to maintain well-mixed vertical
profiles, the same assumption cannot be made for the change of potential temperature in the NBL. Depend-
ing on the amount of turbulence at night, two types of NBLs tend to form: If turbulence is weak and the devel-
opment of the NBL is mostly driven by radiative cooling, concave upward potential temperature profiles (with

Figure 7. Sketch of (a) the initial convective conditions (e.g., Lilly, 1968) and (b) parameterization of the vertical potential temperature structure, given the bulk
NLB cooling (Dhb), the NBL depth (zn), and a constant parameter a.
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the strongest temperature gradient near the surface) are formed (e.g., Stull, 1983a, 19832b, 2000). For more
turbulent conditions, turbulent mixing creates slightly better well-mixed vertical profiles, with the strongest
temperature gradients near the NBL top (e.g., Vogelezang & Holtslag, 1996). We adopt a vertical structure typi-
cal for turbulent conditions, as according to the classification proposed by Vogelezang and Holtslag (1996),
76.5–80% of the nights used in section 2 are of the turbulent kind, where @2h=@z2 < 0 over the depth of the
NBL. This is confirmed by the maximum nighttime bulk Richardson numbers, with median near surface values
of�0.05–0.07, and an interquartile range of�0.01–0.4, for Cabauw and Hamburg.

To determine the shape of the temperature profiles, we use the LES results from vSS15. These experiments
were set up to cover the typical European conditions, and in addition, range from well to under-resolved LES
experiments, with a grid spacing ranging from (Dx; Dy; Dz) 3.125 m 3 3.125 m 3 3.125 m to 100 m 3 100 m
3 25 m. Figure 8a shows the potential temperature profiles, analyzed at sunrise. The characteristics of the
high-resolution experiments (darkest colors) range from boundary layer depths of 75 to 200 m, with potential
temperature differences between the surface and residual layer of 27 K to 213 K. With increasing grid spac-
ing (increasingly lighter colors), vertical mixing is progressively stronger overestimated, resulting in relative
biases in the NBL depth as large as 100%. In section 3.2, such biases will be used as a controlling parameter to
study how overestimating vertical mixing influences the RH in the NBL.

If we define the total NBL cooling in LES between tN0 and some arbitrary time t1 later as:

DQ5

ðt1

tN0

ðw0h0sÞ dt 5

ðzn

0
½hðt1; zÞ2hðtN0; zÞ�dz; (2)

with zn the depth of the stable boundary layer, the bulk cooling equals (Figure 7b):

Dhb5
DQ
zn
: (3)

As shown in the inset in Figure 8a, the potential temperature difference between the surface and residual
layer (Dhs, Figure 7) scales well with Dhb, with the inclusion of some prefactor a51:9=3. We try to approxi-
mate the NBL with a bilinear structure defined by Dhs and zn. If we use these quantities to scale the poten-
tial temperature profiles, we find a universal shape for the vertical structure of the NBL, as shown in Figure
8b. Although the scaling sets the temperature at the surface (h5hhi1a21 Dhb) and NBL top (h5hhi), it still

Figure 8. LES experiments from vSS15, (left) unscaled and (right) scaled (right). The three different colors indicate different (physical) experiments, the darkest lines
high resolution LES experiments with a grid spacing of 3.1253 m, the lightest colors low resolution LES experiments with a grid spacing of 100 3 100 3 25 m. The
dashed line in (b) indicates the temperature structure that we assume, the dash-dotted line the temperature structure from Stull (2000).
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requires assumptions about the distribution of the total cooling with height (equation (2)). We propose a
simple two layer structure, with the temperature at a height azn equal to hhi2Dhb (Figure 7b). As shown in
Figure 8b (dashed line), this gives a reasonable agreement with the LES experiments, without introducing
too much complexity in the assumptions of the vertical NBL structure. We should stress that in the results
from Figure 8, and the remainder of this study, a is fixed at a51:9=3. Also included in Figure 8b is the
parameterization proposed by Stull (2000):

h5hhi2Dhs e2z=He ; (4)

where we used an e-folding height He50:5zn for a best fit to the LES data. It is clear that the exponential
shape is not appropriate for characterizing the biases that arise from insufficient resolution in the LES
experiments of vSS15.

Summarized, given the total NBL cooling DQ and the NBL depth zn (equation (3)), the conceptual model can
reproduce the vertical potential temperature structure of the NBL. Given the results from Figure 8b, the model
not only reproduces the vertical structure observed in high-resolution (well-resolved) LES, but also the change
in structure as the NBL depth is overestimated as the result of overestimating vertical mixing. Assuming that
the specific humidity is constant in both height and time (section 2.3), this additionally opens the possibility
to study—for example—how quantities like the relative humidity are influenced by mixing biases.

3.2. Numerical Solutions
With the conceptual model, we can study how the vertical structure of the NBL changes in LES as a function
of the nocturnal boundary layer depth zn, where increasing zn mimics the impact of overestimating vertical
mixing as observed in low-resolution LES or many boundary layer parameterizations (e.g., Cuxart et al.,
2006). We perform a number of experiments, starting from a convective boundary layer with conditions typ-
ical for northwestern Europe (Table 1). The initial conditions are listed in Table 2.

For the experiments, we vary two variables that influence the NBL structure: the total NBL cooling (DQ) and
the NBL depth (zn). DQ—in reality the result of both the radiative and turbulent flux divergence over the
NBL—is here combined set by prescribing a fixed surface sensible heat flux H (H5w0h0sqcp) over a time
period t12tN0 5 32,400 s (equation (2)). For each value of H, the NBL depth is varied to mimic mixing biases,
the temperature profiles are reconstructed, and using hqi (constant in time) the relative humidity at the sur-
face (RHs) and at azn (RHt) is calculated.

Figure 9a shows the resulting RH at the surface (solid lines) and at azn (dashed lines) as a function of zn, for
H 5 {–20, 240, 260} W m22. The results are divided in two regimes: the top-left part where for a given zn

the RH is highest at the surface, and the bottom-right area where the RH is highest near the NBL top. A
number of conclusions can be drawn from these experiments:

1. For conditions which are close to saturation, the surface RH is higher than the RH at azn, thus favoring
saturation near the surface over low clouds, which is in line with the findings from section 2.

2. For almost all conditions, increasing zn—which mimics the result of overestimating vertical mixing—
results in a decrease in RH at both the surface and azn. This makes it unlikely that overestimating vertical
mixing could cause a spurious formation of low clouds.

3. The only conditions where the RH at azn increases with a deepening NBL occur for weakly cooled and
deep NBLs (H5220 W m22; zn > 250 m), for which the conditions are not close to saturation.

These results are easier to understand if we consider how the relative humidity changes as a function of zn. At the
surface, increasing zn always results in a decrease in RH, so we will focus
on the RH at azn (RHt). The tendency at this height can be expressed as:

@RHt

@zn
� RH

qs

�

p
@es

@T
DQ
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n|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
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1
RH
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�

p
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ag
cp|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

dT

2
RH
p

aqg|fflfflffl{zfflfflffl}
dp

: (5)

Here the symbols have their standard meanings (see Appendix B for a
derivation). The tendency equation consists of three terms: the first
term (dh) describes how the change in potential temperature—which
by definition is positive as the NBL is deepened—decreases the

Table 2
Initial Conditions of the Numerical Experiments With the Conceptual Model

Description Symbol Value

Convective boundary layer depth zc 1,000 m
Bulk potential temperature CBL hhi 293 K
Bulk-specific humidity CBL hqi 8.3 g kg21

Relative humidity at zc RHc 95%
Surface pressure ps 105 pa
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relative humidity. As the relative humidity depends on the absolute temperature, the second term (dT)
describes the influence of adiabatic cooling on the relative humidity, which by definition is a negative con-
tribution to the RH budget. The last term (dp), which is small compared to the other two terms, describes
the change in RH caused by the dependence of the saturation specific humidity on pressure.

In Figure 9b the relative humidity at z5azn (solid black contours), and its tendency as a function of zn (col-
ored dashed lines), are shown for a wide range of conditions. The initial conditions of the experiments are
identical to the cases shown in Figure 9a (Table 2), and the results are again analyzed after a time period
t12tN0 5 32,400 s (9 h). Not all combinations of H and zn are physically likely. For example, for the hatched
area in Figure 9b, the surface cooling (Dhs) over the night would be more than 25 K.

One prerequisite for a case where spurious deepening of the NBL results in saturation, is that the relative
humidity at azn increases with increasing zn. It is again clear that those conditions (dashed red lines) only
occur for weakly cooled and/or deep NBLs, where the boundary layer top is far from saturation. For all con-
ditions which are close to saturation, deepening the NBL would result in a decrease of RHt.

We can study this behavior further if we consider the individual terms of equation (5), which are shown in
Figure 10 for a case with a surface cooling H5240 W m22. For a shallow NBL, the absolute temperature
term (dT) is much weaker than the potential temperature term (dh), but as the latter decreases inverse pro-

portional to the NBL depth squared, its contribution decreases quickly
as the NBL is deepened. Only for zn > 450 m the negative contribu-
tion from dh—caused by the increase in potential temperature at
azn—become small enough so that it can be offset by the positive
contribution from dT—caused by adiabatic cooling—so that further
deepening of the NBL results in an increase in RH.

We should add that in the numerical experiments, we assumed that
the surface heat flux (H) is not influenced by biases in vertical mixing,
while vSS15 found that overestimating vertical mixing typically lowers
H. A sensitivity study with the conceptual model (not shown)–adding
a reduction in the surface heat flux as a function of overestimating
the NBL depth—showed that including a more realistic land-
atmosphere coupling would not have influenced the main conclu-
sions drawn from this section.

Figure 9. Experiments with the conceptual model, using the initial conditions from Table 2. (left) Relative humidity at the surface and azn for three different cases.
(right) Relative humidity at azn (solid lines), and the total RH tendency calculated using equation (5) (dashed lines, in % s21).

Figure 10. Budget terms of equation (5), for a case with H5240 W m22.
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Summarized, the goal of the numerical experiments was to determine whether overestimating the NBL
depth—as is typically the case when vertical mixing is overestimated—could results in saturation of the
NBL. The numerical experiments indicate that this is unlikely: for conditions which are close to saturation,
the highest relative humidities are found near the surface. In addition, for nearly all cases, deepening the
NBL results in a decrease in relative humidity throughout the NBL.

4. Summary and Conclusions

We studied whether overestimating vertical mixing in the NBL is likely to produce low clouds or fog in LES,
which do not occur in reality. Such an overestimation of vertical mixing, and consequently an overestima-
tion of the NBL depth, is typical for low-resolution LES (low-resolution with respect to the grid spacing
required to resolve nocturnal turbulence), but also for many boundary layer parameterizations based on the
RANS equations. The resulting biases in the mean thermodynamic structure of the NBL typically consist of
an overestimation of the near surface temperature, and underestimation of the temperatures near or above
the NBL top, potentially causing an absence of fog/mist occurring in reality, or a spurious formation of low
clouds near/above the NBL top. Such biases in low clouds have the potential to influence the energy bud-
get in ways that did not occur in our earlier study of dry boundary layers (vSS15).

The question whether overestimating vertical mixing is likely to influence the formation of fog or low clouds was
addressed using both observations and a new conceptual model developed to encapsulate the results from LES.

From the tower observations from Cabauw, Hamburg and Karlsruhe we only considered the summertime
period (MJJA), and given the interest in how NBL biases might influence daytime convection, further sub-
sampled the nights in between convective days. Even after subsampling the (convective) summertime condi-
tions, the NBL is still surprisingly moist, with median early morning (sunrise) relative humidities at 2 m height
as high as 94–95% for Cabauw and Karlsruhe. Most likely due to its close vicinity to the city, the early morning
relative humidities in Hamburg are � 10% lower. Higher up (200 m), the relative humidities are lower, typically
around 70–80%. By studying the extremes during the nocturnal period, it became evident that only Cabauw
frequently experiences saturated conditions near the surface, occurring roughly once every three nights. Given
the positive near-surface temperature biases that arise from overestimating vertical mixing, and the small ver-
tical extent of these fog/mist layers (<10 m), these events are likely unresolved in low-resolution LES. However,
given their small vertical extent, we argued that this is unlikely to influence the energy budget and NBL devel-
opment, or have an impact on the following day of convection.

The study of the nocturnal extremes also indicated that at 200 m height, the NBL is frequently within 2 K of
saturation. With the negative temperature biases that arise from overestimating vertical mixing, this could
potentially cause a spurious formation of low clouds, which—through their influence on the NBL energy bud-
get—could have a larger impact on the development of the NBL, and the following day of convection. We
addressed this question using a newly developed conceptual model which, given the total nocturnal cooling
and NBL depth, realistically reproduces the vertical structure of the NBL as typically produced by LES. By vary-
ing the boundary layer depth—to mimic typical parameterization errors—for a given amount of cooling, this
allowed us to study if overestimating vertical mixing could result in low clouds, for a wide range of conditions.
The results indicate that a spurious formation of low clouds is unlikely to happen. First, for conditions which
are close to saturation, the maximum RH is observed near the surface. Second, conditions where deepening
the NBL results in an increase in the NBL top relative humidity only occur for weakly cooled and/or deep
boundary layers, where the NBL top is far from saturation.

These results complement the findings from vSS15. For LES experiments of the diel cycle of convection,
where the main focus is on daytime convection and where details of the nocturnal boundary layer are less
important, the use of a resolution which is insufficient to resolve nocturnal turbulence is unlikely to influ-
ence daytime convection. This greatly relaxes the requirements on resolution, opening the possibility for
LES of the diel cycle of convection on domains as large as hundreds or a thousand kilometer.

Appendix A: Sampling Criteria Measurement Data

We sample the nights in between relatively clear convective days by considering the observed short-wave
incoming radiation over a period of 5–3 h before sunset, and 3–9 h after sunrise, and only select nights where
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the mean incoming shortwave radiation over both periods is more than 40% of its theoretically maximum
value (Stull, 1988, pp. 255–258). The period after sunrise was deliberately chosen longer, as with a shorter aver-
aging period a number of convective days which started with clouds were filtered out. In addition, based on a
visual inspection of the sampling, nights with a mean surface pressure tendency of less than (i.e., more nega-
tive) 220 pa h21 are excluded, as those nights were typically dominated by frontal passages.

Appendix B: Derivation Relative Humidity Budget Equation

Assuming an air density which is constant with height and equal to the density at the surface, h � T1ðg=cp

Þz (with g the gravitational acceleration and cp the isobaric specific heat of air), and a surface pressure which
is constant in time and equal to the reference pressure (105 Pa), the change in absolute temperature at the
surface (subscript s) and azn (subscript t) changes with the NBL depth zn as see (equation (3) and Figure 7b):
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In general, the change in relative humidity (RH) with height equals:
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where under well-mixed conditions, the first term on the RHS—containing the vertical gradient of q—is
zero. The change in the saturation specific humidity (qs) with height can be approximated by:
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where � is the ratio between the gas constant for dry air (Rd) and the gas constant for water vapor (Rv), and
es is the saturation vapor pressure. At the surface, the last term of equation (B6) is zero, and using equation
(B1) the tendency can be expressed as:
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At the height azn, two terms contribute to the change of temperature (equation (B2)), and assuming
@p=@z52qg, the tendency can be written as:
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