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[1] One of the most significant signals in the thermometer-observed temperature record
since 1900 is the decrease in the diurnal temperature range over land, largely due to rising of
the minimum temperatures. Generally, climate models have not well replicated this change
in diurnal temperature range. Thus, the cause for night-time warming in the observed
temperatures has been attributed to a variety of external causes. We take an alternative
approach to examine the role that the internal dynamics of the stable nocturnal boundary
layer (SNBL) may play in affecting the response and sensitivity of minimum temperatures
to added downward longwave forcing. As indicated by previous nonlinear analyses of
a truncated two-layer equation system, the SNBL can be very sensitive to changes in
greenhouse gas forcing, surface roughness, heat capacity, and wind speed. A new single-
column model growing out of these nonlinear studies is used to examine the SNBL.
Specifically, budget analyses of the model are provided that evaluate the response of the
boundary layer to forcing and sensitivity to mixing formulations. Based on these model
analyses, it is likely that part of the observed long-term increase in minimum temperature is
reflecting a redistribution of heat by changes in turbulence and not by an accumulation of
heat in the boundary layer. Because of the sensitivity of the shelter level temperature to
parameters and forcing, especially to uncertain turbulence parameterization in the SNBL,
there should be caution about the use of minimum temperatures as a diagnostic global
warming metric in either observations or models.
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1. Background

[2] The present paper explores two issues related to the
stable nocturnal boundary layer that have recently received
attention in the literature. These issues are discussed below.

1.1. Observed Diurnal Asymmetry in Warming

[3] Observations have been a key factor in the validation of
model projections of heat accumulation in the atmosphere
due to atmospheric greenhouse forcing. Surface observations
of global temperature have shown overall warming since the

middle of the 19th century, which is consistent with the
expectation that heat is accumulating in the atmosphere.
There is, however, a curious aspect of the surface data over
land in that there is a strong asymmetry in warming between
day and night through most of the temperature record [Karl
et al., 1993; Vose et al., 2005]. Generally, the most used
surface data sets (Goddard Institute for Space Studies [Hansen
et al., 1999] and East Anglia/Hadley Center [Brohan et al.,
2006]) only include one temperature for the day, Tmean,
which is the daily average of the maximum temperature,
Tmax, and minimum temperature, Tmin. However, data sets
such as the NOAA Global Historical Network [Peterson and
Vose, 1997; Easterling et al., 1997], which partition the
global temperature into minimum and maximum tempera-
tures for a day show that nearly 2/3 of the warming over land
has occurred in minimum temperatures (see Figure 1). While
Vose et al. [2005] have shown that the differential warming
has decreased significantly since 1979, the number of sta-
tions in the Global Historical Climate Network (GHCN)
since 1979 has also decreased substantially with very little
coverage in the developing world. Analyses of East Africa
temperatures [Christy et al., 2009] in fact show increasing
differences in day and night warming since 1979.
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[4] Despite the fact that this diurnal asymmetry in warming
is one of the most significant signals in the historical data,
climate models including greenhouse gas forcing have in
general not captured the magnitude of this asymmetry. In a
sampling of six climate models that had minimum and
maximum temperatures in the World Climate Research Pro-
gramme’s (WCRP’s) Coupled Model Intercomparison Proj-
ect phase 3 (CMIP3) multimodel data set [Meehl et al., 2007]
(see Table 1), we found the difference in trend between Tmax

and Tmin to only be 20% of the trend difference in the GHCN
data set (see Figure 1). This is almost identical to what Zhou
et al. [2010] found - that the simulated diurnal temperature
range trend was only 22% of the observed trend. This is also
consistent with older findings of Cao et al. [1992], which
indicated little skill in GCM diurnal trends and Stone and
Weaver [2003] who found only about 30% of the trend dif-
ference in the GCM simulations. Zhou et al. [2010] provide a
comprehensive review of the simulated and observed Diurnal
Temperature Range (DTR) trends. Since climate models with
greenhouse gas forcing have understated the trend in the
DTR, investigators have attributed the change to a variety of
causes not well represented in climate models such as
increased cloud cover, jet contrails, or changes in surface
characteristics such as land cover and land use [Dai et al.,
1999; Durre and Wallace, 2001; Travis et al., 2004;
Christy et al., 2006]. Most recently, Zhou et al. [2010] con-
cluded “The much larger observed decrease in DTR suggests

the possibility of additional regional effects of anthropogenic
forcing that the models cannot realistically simulate, likely
connected to changes in cloud cover, precipitation, and soil
moisture.”
[5] Walters et al. [2007] took an alternative approach and

examined the role nonlinear boundary layer dynamics [Van
de Wiel et al., 2002a, 2002b; ReVelle, 1993; McNider et al.,
1995; Mahrt, 1999; Acevedo and Fitzjarrald, 2001] might
play in the warming of the nocturnal boundary layer (SNBL).
Using numerical continuation [Doedel et al., 1991] for a
simple two-layer model, Walters et al. [2007] found that
slight changes in incoming longwave radiation can destabi-
lize the SNBL. This in turn mixes warm air to the surface
leading to warming in the surface temperature due to a
redistribution of heat. This was referred to as a positive cli-
mate feedback in that the surface warming due to the added
greenhouse gas forcing was amplified by this redistribution
of heat. Walters et al. [2007] further proposed that coarse-
grid global climate models (GCMs) may not have the reso-
lution or the type of turbulent closures that can capture this
nonlinear behavior. While the other factors (e.g., contrails,
aerosols, surface moisture) not well incorporated in models
may be in play, Walters et al. [2007] concluded that sensi-
tive SNBL behavior and the relatively crude resolution of
the SNBL in GCMs may partly explain the general lack
of fidelity in GCMs in replicating the magnitude of the his-
torical observed asymmetry. Durre and Wallace [2001] and

Figure 1. (a) Observed land surface trends from NOAA’s Global Historical Climate Network (GHCN)
[see Vose et al., 2005]. (b) Difference in trends in minimum and maximum temperatures from an aver-
age of six global models from the Climate Model Intercomparison Project 3 (CMIP3) compared to the
GHCN data set. The six models (their CMIP acronym) are listed above and in Table 1.

Table 1. List of Climate Models Used to Calculate Model DTR Trends in Figure 1

Institution Country Model

National Center for Atmospheric Research USA CCSM3
CSIRO Atmospheric Research Australia CSIRO-Mk3.0
NASA / Goddard Institute for Space USA GISS-AOM
Institute for Numerical Mathematics Russia INM-CM3.0
Center for Climate System Research (The University of Tokyo), National

Institute for Environmental Studies, and Frontier Research
Center for Global Change (JAMSTEC)

Japan MIROC3.2

National Center for Atmospheric Research USA PCM
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Pielke et al. [2007] had also alluded to complexities of SNBL
in impacting the asymmetry.
[6] The Walters et al. [2007] analysis, while including

surface and atmospheric parameterizations close to the form
used in mesoscale and global scale models, was carried out
within the context of a truncated two-layer system. Also, the
nonlinear analysis neglected clear air radiative cooling. In the
present paper, we re-examine the findings of Walters et al.
[2007] using a more complete multilayer model with full
radiative forcing.

1.2. Nocturnal Warming Related to Wind Speed

[7] Using the historical surface data set, Parker [2004,
2006] examined whether sites might have an urban warming
bias. Parker’s fingerprint test was that the strength of the
nighttime urban heat island (UHI) was hypothesized to be
inversely dependent on wind speed. This premise seems
largely sound based on many UHI studies [e.g., Johnson
et al., 1991]. Since Parker found no dependence on wind
speed of trends in his data, he concluded that the warming in
the data was not due to the UHI effect. He further concluded
that the warming in the record must be due to greenhouse gas
(GHG) increases.
[8] Pielke and Matsui [2005] (hereafter referred to as

PM05) in a follow up to the Parker study, used a simple
analytical model of the SNBL developed by Stull [1983] to
examine if long-term climate trends of surface air tempera-
ture should not be expected to have the same trends for light
wind and stronger wind nights, even if the trends of the
nocturnal boundary layer heat flux divergence were the same.
They presented an idealized analysis to illustrate why tem-
perature values at specific levels should depend on wind
speed, and with the same boundary layer heat content
change, trends in temperature should be expected to be dif-
ferent at every height near the surface when the winds are
light, as well as different between light wind and stronger
wind nights. Thus, PM05 questioned whether Parker’s find-
ing that warming was due to GHG forcing was correct since
GHG forcing in their model would also have an inverse
dependence on wind speed, and this information was not
found in the data.
[9] In employing the analytical model of Stull, PM05

added the GHG forcing as a constant perturbation indepen-
dent of wind speed. Recently, Steeneveld et al. [2011]
revisited the PM05 study using a much more complete
state-of-the-art boundary layer model. Counter to the PM05
results, they showed in the more complete model that added
GHG forcing produced a temperature perturbation that was
largely independent of wind speed. Thus, Steeneveld et al.
[2011] concluded that Parker’s implicit assertion that GHG
trends were independent of wind speed were consistent with
the more complete model. However, they noted that a second
conclusion of PM05, that greenhouse gas forcing was
strongly dependent on height in the SNBL, was supported in
the more complete model.
[10] The Steeneveld et al. [2011] studies dealt with a lim-

ited parameter space of the SNBL, especially in regard to
surface roughness and land surface coupling. It also did not
present details of the response and behavior of the SNBL to
the added forcing. In the present paper, we explore the
response and partitioning of the added GHG energy in much
greater detail and in a broader parameter space.

1.3. Structure of the Paper

[11] Because the present paper is relatively detailed, here
we provide a brief discussion of the structure of the paper and
preliminary findings to provide a context for the details
which follow. Section 2 provides a detailed description of the
modeling tools employed in the paper which is a full single
multilayer column and compares it to the simpler two layer
models of McNider et al. [1995] and Walters et al. [2007]
used in the dynamical studies. It also makes comparison
and evaluation to other models.
[12] Section 3 compares the behavior of the full column

model to the dynamical analyses of the two layer model for
the case when clear air radiative forcing is ignored as in
Walters et al. [2007]. The simple two layer model had shown
an abrupt transition between a cold weak wind state in which
the first atmospheric layer is turbulently connected to the
surface and a warm windy state in which the first atmo-
sphere is turbulent connected to the outer atmospheric layer.
The results show that in the full column model the general
behavior of the simpler model is retained, however, the
transition between the two stable attracting states is muted in
that the transition between the two states is not as abrupt. The
full column model also shows the existence of a third state in
which at low wind speeds turbulence is suppressed to the
point that the atmosphere becomes completely disconnected
from the surface and remains relatively warm. These states
are discussed in comparison to previous studies about the
collapse of turbulence by Derbyshire [1999], Holtslag et al.
[2007] and Basu et al. [2008]. Section 3 also examines the
response of the column model stable boundary layer to added
longwave forcing and compares it to the simple two layer
results reported by Walters et al. [2007]. The column model
results shows that in certain parameter spaces the shelter level
temperature can be quite sensitive to the added downward
radiation with substantial warming occurring although the
magnitude was less than in the two layer model.
[13] Section 4 goes into the details of the physics of the

SNBL subjected to added forcing by developing energy
budgets for the atmosphere, ground and losses to the system
in order to determine where the added energy ends up being
partitioned in the system. The most important finding is that
the column model supports the conjecture of Walters et al.
[2007] that the shelter level warming is largely due to a
redistribution of heat as the SNBL grows. In effect the added
energy destabilizes slightly the SNBL causing a growth of
the boundary layer which then entrains warmer air to the
surface.
[14] Section 5 relaxes the assumption of no clear air radi-

ative forcing in the column model. A full modern radiative
transfer scheme is employed. The clear air radiative forcing
deepened and smoothed the temperature profile and the
transition between the different coupled states was more
muted. However, the budget calculations showed that the
warming at shelter level was still largely due to a redistribu-
tion of heat due to growth of the boundary layer.
[15] Section 6 examines the dependence of temperature

change at shelter level on wind speed due to added long-
wave forcing and thus revisits the works of Parker [2004],
Pielke and Matsui [2005] and Steeneveld et al. [2011] using
the present model and detailed budget calculations. The
results from the present modeling study confirm the results
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of Steeneveld et al. [2011] that the temperature response is
largely independent of wind speed contrary to the Pielke and
Matsui [2005] analysis that the response should be inversely
proportional to wind speed. The present modeling study
shows that the magnitude of the shelter level response is due
a redistribution of heat by turbulence and the response is not
totally controlled by the added surface fluxes as suggested
by Steeneveld et al. [2011].

2. Model Description and Evaluation

2.1. Model Characteristics

[16] The basic model employed in the present study is an
extension of the truncated two-layer model used in a series of
nonlinear analysis studies [e.g., McNider et al., 1995; Shi
et al., 2005; Walters et al., 2007] exploring the behavior
and parameter dependence of the stable boundary layer.
While simple, the nonlinear analysis models retained a fairly
realistic ground surface and interaction with the atmosphere.
The relative simplicity of the model allowed for use of
powerful nonlinear analysis tools developed by the mathe-
matical community [Doedel et al., 1991; Friedman and Qiu,
2008]. With these tools, parameter dependence (e.g., geo-
strophic wind, roughness, surface heat capacity) could be
explored through construction of bifurcation diagrams. It
also allowed calculation of eigenvalues, so the stability and
character (smooth or oscillating) of the solutions could be
determined. However, in the history of nonlinear analysis it is
sometimes found that exotic dynamical behavior found in
simple representations of reality are not carried forward as
explicitly in more complete representations [Seydel, 1988].
For example, Lorenz [1995], in a discussion on atmospheric
predictability, noted that “prediction errors in chaotic sys-
tems tend to amplify less rapidly on average as the system
gets larger.” The additional degrees of freedom tend to
smooth or dampen the rate at which individual perturbed
states depart over time.
[17] The more complete model presented in this paper is a

specific model for the dry stable/neutral boundary layer. It is
limited since it does not include daytime unstable boundary
layer or moist processes other than initial water vapor pro-
files. It is also limited to simple initialization. Thus, it is not
a complete boundary layer model as described by [André
et al., 1978; McNider and Pielke, 1981; Duynkerke, 1991;
Steeneveld et al., 2006]. However, it serves as a transition in
relaxing the simplifications of the nonlinear analysis models
by moving from a two-layer limited domain model with no
clear air radiative forcing to a high resolution multilayer
model with explicit radiative forcing. As discussed below, its
numerical schemes and grid structure were selected to keep
numerical diffusion to an absolute minimum at the expense
of numerical efficiency. Also, engineering specifications that
impose minimum mixing such as minimum diffusion coef-
ficients and minimum values of surface stress were taken
almost to zero. The model, as constructed, is intended to
examine the sensitivity and behavior of the SNBL to explicit
mixing formulations. Models are not perfect and engineering
fixes are often needed to make models relevant to the real
atmosphere [Delage, 1997; Derbyshire, 1999]. Thus, the
present model may not be appropriate for full weather fore-
cast applications or global climate simulations. However, in

the present paper, we do make comparisons to another more
complete SNBL model [Steeneveld et al., 2006].

2.2. Model Description

[18] For the analyses herein, we consider a simple, one-
dimensional (single column) model u = u(z, t), v = v(z, t),
q = q(z, t), and q(z,t) [Stull, 1988] that closely represents the
type columns embedded within weather forecast and air
pollution models.

∂u
∂t

¼ fco v� vGð Þ þ ∂
∂z

Km z; uz; vz; qzð Þ ∂u
∂z

� �
; ð1Þ

∂v
∂t

¼ fco uG � uð Þ þ ∂
∂z

Km z; uz; vz; qzð Þ ∂v
∂z

� �
; ð2Þ

∂q
∂t

¼ Rc qð Þ þ ∂
∂z

Kh z; uz; vz; qzð Þ ∂q
∂z

;

�
ð3Þ

∂q
∂t

¼ ∂
∂z

Kh z; uz; vz; qzð Þ ∂q
∂z

;

�
ð4Þ

[19] In equation (3), Rc is the clear-air radiative cooling rate
for the air temperature, and in the original nonlinear analyses,
was taken to be zero. The atmospheric equations were cou-
pled with a prognostic surface energy budget equation for a
simple slab with a bulk heat capacity Cb = rscsDh

dTg tð Þ
dt

¼ 1

Cb
I1jz¼z0

� sT 4
g tð Þ � H0jz¼z0

� �

� rscsks Tg tð Þ � Tm
� �

Dh�1 ð5Þ

where rs, cs and ks represent the soil density, soil specific heat
capacity, and soil diffusivity. The term Dh represents the
depth of the slab. A surface emissivity of 1.0 is assumed. This
system is a bit more complex than the coupled system
described by Derbyshire [1999] and involves physically
based parameters but its simplicity, as with Derbyshire’s
system, makes analysis simpler than full coupled complex
vegetative, water, and ground systems. Similar single column
forms have been used by various investigators including
Blackadar [1979], Garratt and Brost [1981], and Steeneveld
et al. [2010].
[20] In the original nonlinear analysis studies, the long-

wave back radiation from the atmosphere (I1) in equation (5)
was simply parameterized following Staley and Jurica
[1972] as

I1 ≡ I1 T1
� �

z¼z0 ¼ 0:67s 1670Qað Þ0:08T 4
1 z¼z0j�� ð6Þ

where T1 is the air temperature at the first model level, Qa is
the near surface specific humidity (in the column model this
is the first level humidity), 0.67 and 1670 are dimensionless
constants. Note I1 is the downward longwave radiation at
the surface while Rc in equation (3) is the longwave flux
divergence.
[21] In the present study, we employ a full state-of-the-art

Delta four-stream radiative transfer scheme of Fu and Liou
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[1993] implemented following [Wang and Christopher,
2006; Wang et al., 2006] for the clear air radiative forcing
Rc and for the downward radiation, I1, in equation (6).
[22] In equation (5), H0 is the sensible heat flux by turbu-

lence, and the last term in equation (5) is the heat flux from
the slab to the substrate [Blackadar, 1979] of temperature
Tm. The kinematic sensible heat flux is defined from simi-
larity theory as Ho = � u*q* where u* and q* represent the
friction velocity and friction temperature respectively. Note
latent heat fluxes from the surface are ignored.
[23] As noted byMcNider et al. [1995], the nonlinearity in

the equations enters through the heat flux and first order
closure turbulent diffusion terms, where

Km ¼ Km z; uz; vz; qzð Þ and Kh ¼ Kh z; uz; vz; qzð Þ

are the exchange coefficients for momentum and heat, which
in the absence of geostrophic wind shear are functions of the
space variable z and the partial derivatives:

uz ¼ ∂u z; tð Þ=∂z; vz ¼ ∂v z; tð Þ=∂z; qz ¼ ∂q z; tð Þ=∂z:

[24] The diffusion coefficients and surface fluxes are con-
structed in the form of these stability functions dependent
on the gradient Richardson Number (Ri).

Km ¼ fm Rið Þl2s; Kh ¼ fh Rið Þl2s:

[25] The length scale l near the surface and vertical wind
shear s are defined as

l ¼ kz; s ≡ s uz; vzð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2z þ v2z

q
:

[26] At the first model level, a flux condition is imposed so

du1
dt

¼ fco v1 � vGð Þ þ 1

z3=2 � z1=2

Km;3=2 u2 � u1ð Þ
z2 � z1

� u2* cos yð Þ
� �

;

ð7Þ

dv1
dt

¼ fco uG � u1ð Þ þ 1

z3=2 � z1=2

Km;3=2 v2 � v1ð Þ
z2 � z1

� u2* sin yð Þ
� �

;

ð8Þ

dq1
dt

¼ 1

z3=2 � z1=2

Kh;3=2 q2 � q1ð Þ
z2 � z1

� u*q*

� �
; ð9Þ

dq1
dt

¼ 1

z3=2 � z1=2

Kh;3=2 q2 � q1ð Þ
z2 � z1

� u*q*

� �
; ð10Þ

where u∗ and q∗ are the friction velocity, friction temperature,
and friction humidity following England and McNider [1995]
given by:

u* ¼
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm Ri1=2
� �q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u21 þ v21
p

ln z1=z0ð Þ ;

q* ¼ k q1 � qað Þfh Ri1=2
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm Ri1=2
� �q

ln z1=z0ð Þ
;

q* ¼ k q1 � qað Þfh Ri1=2
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm Ri1=2
� �q

ln z1=z0ð Þ
;

and

y ¼ arctan v1=u1ð Þ;

z1=2 ¼ z1=2;

z3=2 ¼ z1 þ z2ð Þ=2;

Km;3=2 ¼ fm Ri3=2
� �

l23=2s3=2;

Kh;3=2 ¼ fh Ri3=2
� �

l23=2s3=2;

Ri3=2 ¼ g

qA
z2 � z1ð Þ q2 � q1ð Þ

u2 � u1ð Þ2 þ v2 � v1ð Þ2 ;

Ri1=2 ¼ g

qA

ffiffiffiffiffiffiffiffi
z0z1

p
ln

z1
z0

� �
q1 � qa
u21 þ v21

;

l3=2 ¼ kz3=2;

s3=2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 � u1ð Þ2 þ v2 � v1ð Þ2

q
z2 � z1

:

[27] Note that the first level equations, when coupled to the
surface energy budget equation with qa = Tg and a fixed
(constant) layer aloft, are equivalent to the dynamical anal-
ysis set employed inMcNider et al. [1995] andWalters et al.
[2007]. In the present single column model, we deviate from
using Tg in the surface flux as in the dynamical system by
defining a true skin temperature TR then compute an aero-
dynamic temperature, qa, for use in the sensible heat flux
terms. The skin temperature, TR, is calculated from a surface
energy equation (11) derived from (5) that is infinitely thin
and thus has no thermal inertia (zero heat capacity). This
follows the formulation of Pielke and Mahrer [1975] and
McNider and Pielke [1981] and more recently the NOAH
land surface model [Ek et al., 2003] and the ECMWF
[Viterbo and Beljaars, 1995]. The skin temperature, TR, is
found by root finding of the algebraic equation for the surface
energy balance of the infinitely thin surface

I1 z¼z0 � sTR4 � rcpu∗q∗ � rscsks TR � TGð ÞDheff
�1 ¼ 0:

�� ð11Þ

[28] Van de Wiel et al. [2002b] and Steeneveld et al. [2006]
noted that the fast response of the surface temperature
is important in simulating the SNBL and in their model
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employed a vegetative mulch layer with small heat capacity.
We employ the skin temperature for that purpose.
[29] While radiometers from both satellite and on in situ

platforms have made radiating skin temperatures a mea-
surable quantity, previous work [Sun and Mahrt, 1995] has
indicated that skin temperatures cannot be directly used in
traditional similarity forms for deducing fluxes. There are
several alternatives as discussed by Sun and Mahrt. We
employ an empirical formula to relate the skin temperature
to the temperature at model roughness height, zo and thus
provide an aerodynamic temperature. Other modelers [e.g.,
Steeneveld et al., 2006] adjust the roughness height for heat
transfer, i.e., zoH = zo /10.
[30] To obtain an aerodynamic temperature from infor-

mation available in the model, we employ a method sug-
gested by Zilitinkevich [1970] and Deardorff [1972] to
relate the temperature at zo to the model skin temperature;

qa ¼ qZo ¼ TR þ 0:0962 q*=k
� �

u*zo=v
� �0:45

ð12Þ

where v is the kinematic viscosity of air. This technique has
also been employed by Pielke and Mahrer [1975] and
McNider et al. [1994].
[31] In summary, four temperatures are used to construct

the lower flux boundary condition for the atmosphere: (1) an
aerodynamic temperature- qa, (2) a skin temperature- TR,
(3) an active ground temperature (slab temperature) - Tg,
and (4) a constant substrate temperature -Tm. Figure 2
provides a schematic of these surface and atmospheric
temperatures.
[32] The present model differs from some boundary layer

models in that the model does not explicitly employ Monin-
Obukhov (M-O) similarity through the use of ___z/L as the
stability parameter (where L is the Obukhov Length) [see
Stull, 1988]. Rather, Richardson number dependent stability
functions are employed [Louis, 1979; England and McNider,
1995]. The diffusion coefficients and surface fluxes are

constructed in the form of these stability functions dependent
on the gradient Richardson Number (Ri).

Km ¼ fm Rið Þl2s; Kh ¼ fh Rið Þl2s:

[33] As noted by England and McNider [1995], the normal
use of M-O theory requires an iteration since the velocity and
temperature scales, u∗ and q∗ are recursively dependent on L,
which is dependent on u∗ and q∗. In carrying out the nonlinear
analysis studies using nonlinear analysis tools [e.g., Doedel
et al., 1991] such recursive forms are invalid. Thus, there
is a need for an explicit form. Blackadar [1979] had also
formed a non-recursive closure based on shear functions.
However, the stability function which Blackadar algebrai-
cally derived was a linear form:

fm Rið Þ ¼ fh Rið Þ ¼ 1� Ri=Ricð Þ; if 0 ≤ Ri ≤ Ric;
0; if Ri ≥ Ric:




[34] Again, from a nonlinear analysis perspective, the
Blackadar form was not desirable in that it was discontinuous
at Ri = Ric. England and McNider [1995] showed that the
Monin-Obukhov profiles developed by Businger et al.
[1971] and others can best be approximated as quadratic
stability functions fm and fh (in terms of the Richardson-
number formulations). The quadratic stability functions fm
and fh (namely, the Richardson-number formulations) are
given by England and McNider [1995] as

fm Rið Þ ¼ fh Rið Þ ¼ 1� Ri=Ricð Þ2; if 0 ≤ Ri ≤ Ric;
0; if Ri ≥ Ric:



ð13Þ

with Ri c = 0.25 used in the present study.
[35] This form is continuous both at Ri = Ric and at neu-

trality, Ri = 0. The lack of iteration and singular dependence
on Ri means that different forms of mixing that can be col-
lapsed to the Ri form can be intercompared. Figure 3 pro-
vides a range of different stability functions that have been

Figure 2. Schematic of ground surface and atmosphere interaction [from Mackaro et al., 2011].
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employed in the literature for studies of the SNBL and that
will be used in the present paper. These forms have been
classified as short-tail and long-tail forms. The Duynkerke
[1991] and England and McNider [1995] forms to be used
later are referred to as short-tail forms in that there is little
mixing beyond a critical Richardson Number of �0.25.
These forms, as noted by Delage [1997], seem to represent
best the fundamental behavior of observations of idealized
SNBLs. However, as discussed by Delage [1997], applica-
tion of these forms in coarse grid and operational models
seemed to provide too little mixing so that model perfor-
mance was compromised [Beljaars and Holtslag, 1991; Van
deWiel et al., 2002a].Delage [1997] argued followingMahrt
[1987] that areal averages such as grid averages in LES
models yielded larger Ri than specific grid point data. Thus,
longer-tailed functions of the Beljaars-Holtslag [Beljaars and
Holtslag, 1991] and Louis [1979] forms have been utilized in
weather forecast models and GCMs [Holtslag and Boville,
1993; Viterbo and Beljaars, 1995; Viterbo et al., 1999].

2.3. Model Numerics

[36] Most standalone column models in use today
[Duynkerke, 1991] or embedded within mesoscale models
[Pielke and Mahrer, 1975;McNider and Pielke, 1981] utilize
implicit or semi-implicit schemes such as the Crank-
Nicholson scheme to solve the diffusion operator. These
remove the Fourier condition for linear stability (KDt/
(Dz)2 ≤ 1/2), so much larger time steps can be taken. How-
ever, these implicit schemes can also provide spurious
changes of small-scale features (2Dz and 4Dz waves)
[Pielke, 1984]. Since we are trying to minimize any mixing
not explicitly arising from the turbulent parameterization, the
present model reverted back to an explicit scheme. Thus, to

maintain stability, small time steps were required of generally
less than 0.2 s.
[37] As with most atmospheric models, we employ opera-

tor splitting in solving the column model by separating
the land surface calculations from the diffusion step. While
pragmatic, this operator splitting means that true mathemat-
ical coupling is not retained. Most column models employ a
simple Euler step to solve the prognostic equation for the
ground temperature (equation (5)). However, while the Euler
step may be stable for large time steps, significant loss of
accuracy can occur if large time steps are used since the terms
such as H0 and the outgoing radiation can vary rapidly over
longer time steps. In our case, the very small time steps
required for the diffusion operator ensures relatively high
accuracy in the Euler step of the prognostic slab equation.
However, in carrying out the energy budget calculations, we
found that the very small time steps employed were pro-
ducing a loss of significance in the Euler step. We found
that even though the flux terms on the right-hand side of
equation (5) summed to nonzero values that after the cross
multiplication by Dt (in the Euler method), the finite digit
addition to get the new qg resulted in a zero change. Thus,
double precision on a 32-bit processor was required.

2.4. Model Evaluation for the Stable Boundary Layer

[38] Since this is largely a new model (although partly
based on the structure of the single column model inMcNider
and Pielke [1981] and Mackaro et al. [2011]), we will pro-
vide an evaluation of the model and its components as we
proceed through sensitivity experiments. In many instances,
evaluation of boundary layer models involve running case
studies from field program intensive periods [André et al.,
1978; McNider and Pielke, 1981; Poulos et al., 2002;

Figure 3. Stability functions used in the present paper. Ri is the gradient Richardson number. See
England and McNider [1995], Duynkerke [1991], Beljaars and Holtslag [1991], and Louis [1979].
Duynkerke, Beljaars and Holtslag, and Louis represent curve fits to the original parameterization. See also
Van de Wiel et al. [2002a].
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Steeneveld et al., 2006]. However, as noted by Byrkjedal
et al. [2008], tuning of models for particular in situ data can
result in loss of generality of the parameterizations. With
the present model, we are also limited in not being able to
simulate the full diurnal cycle. Due to these issues, we will
rely on the model evaluation structure carried out under
the GEWEX GABLS1 model intercomparison protocols
[Holtslag, 2006] and compare model behavior to other
existing models that have been evaluated under the GABLS1
protocol [Cuxart et al., 2006] and to models that have
had extensive evaluation against several field data sets
[Steeneveld et al., 2006].
[39] The GABLS1 model intercomparison case is based on

the simulations of an Arctic SBL by Kosović and Curry
[2000]. The boundary layer is driven by an imposed geo-
strophic wind which is constant with height, with a specified
constant surface cooling rate, and attains a quasi-steady state
with a depth of between 150 and 250 m. It has also been used
for a Large Eddy Simulation (LES) intercomparison [Beare
et al., 2006] aiming to quantify the reliability of stable
boundary layer LES. The same grid prescription was retained
for the single-column model intercomparison although
weather forecast or climate models were run at their opera-
tional configuration.
[40] For the non-operational models, a vertical domain of

400 m was used with a grid mesh of 6.25 m (64 vertical
levels), and a time step of 10 s, to reduce the differences
originating from the numerical discretization. Instead of
using the GABLS1 grid, we use the grid discretization that
will be employed later for the GHG sensitivity experiments.
Following the GABLS1 single-column protocol, a constant
geostrophic wind with height, of 8 m s�1 in the x direction,
was prescribed, and the latitude was 73�N (f = 1.39 �
10�4 s�1). Radiation was switched off and the duration of the
run was nine hours. See Cuxart et al. [2006] for additional
details on the initial state and boundary conditions.
[41] Figure 4 shows the profiles of potential temperature

from the GABLS1 intercomparison. Note that the present

comparison is a posteriori comparison since in the original
intercomparison modelers could not see other model runs.
The present model employed in this study is referred to as
UAH (after University of Alabama in Huntsville). This UAH
designation uses the quadratic stability function suggested by
England and McNider described previously. The LES des-
ignation is an aggregate of the LES models discussed by
Beare et al. [2006] as reported by Cuxart et al. [2006]. The
so-calledWageningen University PBL (WU-PBL) model is a
model originally developed by Duynkerke [1991] and has
been used extensively in stable boundary layer studies car-
ried out at Wageningen University [Steeneveld et al., 2006;
Holtslag et al., 2007]. This is also the model that will be used
for comparisons to radiative forcing sensitivity later in the
paper.
[42] The present model appears to compare favorably to

the LES simulations in the mean profile of the boundary
layer and in defining the top of the stable layer. The UAH
model also compares favorably to the WU-PBL model. The
somewhat better agreement of the UAH model at the top
of the boundary layer with the LES model compared to the
WU-PBL model may in part be due to a higher vertical-grid
resolution (�2–3 m grid spacing) near the top of the
boundary layer in the UAH model than in the WU-PBL
model, which used the GABLS1 intercomparison grid
(�6.5 m grid spacing)). The WU-PBL model also supports
mixing at the top of the boundary layer even in very stable
conditions.
[43] The remaining curves labeled B-H and Louis are runs

of the UAH model with the Beljaars- Holtslag stability
function and the Louis stability function as configured in the
present model and shown in the appendix. The B-H and
Louis forms have more mixing for the finer grid structure in
the UAH model leading to greater downward heat flux and
warmer surface temperatures as compared to the WU-PBL
model. As will be discussed below, using the long-tailed
forms for the stability functions in the fine grid as presented is
perhaps not consistent with the intended use of these forms
but does illustrate that the solution in the SNBL can be
strongly dependent on the assumptions about mixing at larger
Ri. This will be explored later when the partitioning of energy
is compared between the mixing forms.
[44] The Wageningen model has been evaluated against

several field data sets for the stable boundary layer [Steeneveld
et al., 2006, 2008a, 2008b; van der Velde et al., 2010]. It has
been shown to perform better than most operational models
and research models in the stable boundary layer using a
higher resolution than employed in the GABLS-1 compari-
son above. Steeneveld et al. [2011] also performed sensitivity
experiments of the stable boundary layer to CO2 forcing
using this model. As we examine the sensitivity of the stable
boundary layer to radiative forcing, we will evaluate the
UAH model against the WU-PBL model. We feel this com-
parative sensitivity to forcing of the two models is a strict
evaluation of the model’s physics.

3. Model Sensitivity to Added Radiative Forcing
Compared to the Two-Layer Dynamical
System Model

[45] As discussed in the introduction, the bifurcation
analysis of the simple dynamical system two-layer model by

Figure 4. A posteriori comparison of the present model
(UAH) against the GABLS1 single column model intercom-
parison [see Cuxart et al., 2006]. LES came from the LES
ensemble reported by Cuxart et al. [2006], WU-PBL is the
Wageningen model [see Steeneveld et al., 2006]. The B-H
and Louis curves are runs with the UAH model using the
Beljaars-Holtslag stability function and the Louis stability
function.
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Walters et al. [2007] showed that in certain parameter spaces,
the model showed strong sensitivity to small changes in
downward radiation. We explore this sensitivity using the
full column model using the same turbulent parameterization
as in the simple dynamical system model. We configure the
parameters in the column model the same as the dynamical
system model. As in the dynamical system model, we ignore
clear air radiative cooling and use the simple downward
radiation model given in equation (6). Table 2 provides the
model soil parameters which are the same ones used in
Walters et al. [2007] and correspond to dry sand [see Pielke,
1984]. Following Steeneveld et al. [2011], we use an initial
thermodynamic sounding somewhat idealized from the
CASES-99 field program [Poulos et al., 2002]. The sounding
is meant to capture a generic late afternoon sounding with a
deep nearly adiabatic mixed layer. Since we want to evaluate
the response to varying wind speeds, we impose a specified
geostrophic wind speed as the initial wind speed profile
above the boundary layer. In the boundary layer, we impose
an initial Ekman wind profile to simulate the effects of day-
time surface stress in the boundary layer. Imposition of such
a sub-geostrophic profile is important for providing relatively
balanced initial conditions and in treating the development
and strength of an inertial oscillation [Blackadar, 1957] in
and above the developing boundary layer.
[46] Steeneveld et al. [2011], in their sensitivity experi-

ments, found their radiative transfer model produced an
additional 4.8 W m�2 at the ground surface for an increase of
40% in CO2. Our perhaps more complete radiative transfer
model [Fu and Liou, 1993] indicated an added 1.8 W m�2.
This value seems more in keeping with the added radiative
forcing from IPCC reports for CO2 alone. Kiehl [2007]
reports 3.7 W m�2 for a doubling of CO2 which appears
consistent with the Fu and Liou [1993] model. However, for
consistency with Steeneveld et al. [2011] and because a value
of 4.8 Wm�2 is near the total increase in downward radiation
including water vapor feedbacks in some postulated climate
scenarios, we will use this as the added longwave forcing for
all of our sensitivity studies. Following Steeneveld et al.
[2011] and PM05, this added longwave energy could result
from greenhouse gases as the reason for the added energy.
But, in fact, added downward radiation from aerosols may
also be of this order or more. For example, Jacobson [1997],
in a modeling study, found an added longwave down of
�13 W m�2 for a case in southern California. In an obser-
vational study over the Indian Ocean, Lubin et al. [2002]
found an increase of downwelling radiation of 7.7 W m�2

[see also Nair et al., 2011].Thus, the added increment of
energy used in the present study may be indicative of an
increase in downwelling radiation from either greenhouse
gases or aerosols or perhaps jet contrails [Travis et al., 2004]
or clouds [Dai et al., 1999]. We should state explicitly that

the simulations reported in this paper are not climate simu-
lations in that we do not account for the accumulation of heat
through a period longer than the nighttime period. Rather,
following PM05 and Steeneveld et al. [2011] the experiments
depict the response of a given SNBL to additional downward
longwave forcing.

3.1. Development of Pseudo-Bifurcation Diagrams
for Near-Surface Air Temperature

[47] Figure 5 shows the bifurcation diagram produced by
numerical continuation reported in Walters et al. [2007] as
the dashed lines. Wind speed is used as the bifurcation
parameter. Note that as wind speed increases, there is an
abrupt transition from a cold stable attractor solution to a
warm stable attractor solution. The cold solution is associated
with light winds and the warmer solution with windier con-
ditions. Near the transition point multiple solutions (two
stable and one unstable) are supported at larger roughness
giving a classic “S” shape to the bifurcation diagram Seydel
[1988]. Also, in this region, the solutions are unstable and
complex eigenvalues are found, although not purely complex
so that damped oscillatory solutions are supported. As dis-
cussed in McNider et al. [1995] and Shi et al. [2005], in this
parameter space, the time dependent solutions are sensitively
dependent on initial conditions. Explicit time dependent
solutions of the dynamical system [seeMcNider et al., 1995;
Shi et al., 2005] show an abrupt change as the solutions jump
between the stable attracting solutions. The wind speed at
which the transition occurs is referred to as the transition
wind speed. Van de Wiel et al. [2002a, 2002b] found similar
behavior in a simple model of the SNBL.
[48] We now explore whether this complex dynamical

behavior is retained in a more complete multiple layer model.
As noted above, we have constructed the single column
model to mimic the boundary layer mixing of the dynamical
model but made it more complete and realistic by including
both a real skin temperature in the surface energy budget and
an aerodynamic temperature for calculating the fluxes. Thus,
we feel it is a close analogue to research grade boundary layer
models such as Steeneveld et al. [2006].

Table 2. Soil Characteristics Used by Walters et al. [2007]
Representing Dry Sand and Used in the Dynamical Analysis
(Section 3.0) of the Present Paper

Characteristic Value

Soil Density (rs) 1600
Soil Specific Heat Capacity (cs) 800
Soil Diffusivity (ks) 2.3E-7
Soil Conductivity (ls) 0.3

Figure 5. Dashed lines provide the bifurcation diagram
reported in Walters et al. [2007]. Solid lines provide
pseudo-bifurcation diagram for the UAHmodel with no clear
air radiative cooling for two different roughness values.
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[49] Figure 6 shows the temperature profiles for the ideal-
ized nocturnal boundary layer for different imposed geo-
strophic speeds for two different values of roughness. The
boundary layer is deeper and less stable for the larger
roughness. There is a fundamental change in the profile
shape for light winds and strong winds above the surface.
The light wind cases show an exponential type profile while
the stronger wind cases show a parabolic like shape . From a
simple differential equation view, this seems to indicate a
transition of solutions from one functional form (perhaps
dependent on the eigenvalues) as the SNBL moves from a
strongly stable state to moderately stable state. This transition
appears consistent with the dynamical system transition from
the cold (calm) attractor to the warm (windy) attractor. This
transition in shape has also been found in observations [e.g.,
Van Ulden and Holtslag, 1985; Vogelezang and Holtslag,
1996] and other nocturnal boundary layer models [Mahrt,
1999; Edwards et al., 2006; Weil, 2011] as the boundary
layer transitions from a very stable boundary layer to a
weakly stable boundary layer.
[50] The behavior of the SNBL, especially near the surface

under light winds, has been the subject of considerable the-
oretical debate [Taylor, 1971; Derbyshire, 1999; Mahrt,
1999] (and more recently, Basu et al. [2008]). Derbyshire
[1999] provides a very nice discussion for the possibilities
of the behavior of the near-surface profiles under extreme
stability. Derbyshire pointed out that in the very stable
boundary layer, the near-surface atmosphere can realize one
of two states. The first state is one with strong ground surface
cooling resulting in large near-surface vertical temperature
gradients but turbulence is maintained by shear in the face of
stability which drives a downward heat flux that keeps the
surface turbulently connected. The second possible state is
one in which the strong stability suppresses turbulence and
leads to a decoupling of the atmosphere and the ground. We
believe these two states are somewhat akin to the two
attracting solutions found in the bifurcation diagram in
Figure 5. In the two-layer dynamical system model, the two
stable solutions correspond to a first state where the lowest
model level in the atmosphere becomes coupled to the
surface so that the air temperature collapses close to the
temperature of the surface but decoupled from the outer

atmosphere. This would correspond to Derbyshire’s coupled
state (near-surface temperature connected to ground surface).
However, the second state in the dynamical two-layer model
corresponds to a state where the first layer air temperature is
coupled to the outer layer. The two-layer model, because of
its reduced degrees of freedom, cannot resolve the case where
the surface becomes decoupled from the ground surface.
[51] We now attempt to replicate the bifurcation diagram

fromWalters et al. [2007] (Figure 5) by examining the model
temperature at the first model level (1.5 m �approximately
screen level) in the column as a function of imposed geo-
strophic winds. This pseudo-bifurcation diagram is depicted
in Figure 5. In the present multilayer column model (for this
particular soil state), it appears that the abrupt transition of
states as seen in the bifurcation analysis (Figure 5) is some-
what muted compared to the two-layer dynamical system
model and, in fact, it appears three regimes are supported.
This shows a more complex behavior than the simple
dynamical model. At the lighter wind speeds, there is little
mixing, so at the extreme light winds, the boundary layer is
weak, shallow, and cold air at adjacent to the surface cannot
be lifted to the first level by turbulent mixing. This region
corresponds to Derbyshire’s decoupled state. As the imposed
geostrophic speed increases to �6�8 m s�1, enhanced tur-
bulent mixing lifts more cold air off the surface leading to
colder solutions at the first model level. This is in the region
of the more exponential shaped profile solution mentioned
above and corresponds to Derbyshire’s coupled state. How-
ever, as winds increase further, the surface temperature now
begins to warm with increased wind speeds (this region is in
the parabolic profile regime). This region corresponds to the
weakly stable boundary layer [Mahrt, 1999; Weil, 2011] and
corresponds to the two-layer solution of the coupling of the
surface air temperature to the outer layer. Thus, while the
more complete model is more complex in the bifurcation
diagram replication, the simple dynamical system model was
foretelling a transition between these latter two different
states.
[52] In summary, the multilayer model supports three

separate regimes - two in the very stable boundary layer and
one in the weakly stable boundary layer. In the very stable
boundary layer, both of Derbyshire’s states exist. At very

Figure 6. Vertical profiles of potential temperature for different imposed geostrophic velocities for the
UAH model with no clear air radiative forcing.
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light winds the first model layer is decoupled from the
ground surface. At slightly larger winds, the first layer
becomes turbulently coupled to the ground surface. At even
stronger winds (weakly stable boundary layer), the near
surface becomes turbulently connected to the outer atmo-
sphere. For a fixed wind speed the transition between these
regimes in the multilayer model is a function of roughness.
This is not the case in the two-layer dynamical system model
and deserves additional analysis. As we will discuss later
in the paper, models with greater levels of mixing do not
capture the decoupling from the surface.
[53] While the multilayer column model provides some

consistency with the two-layer bifurcation analysis and the
warmer solutions at lighter winds are physically interpret-
able, the shape of the pseudo-bifurcation diagram is perhaps
inconsistent with normal views and modeling of the SNBL.
While SNBLs are complex, we feel most operational models
would show a monotonic increase in shelter level tempera-
ture as wind speed increases. The somewhat odd sense of
the present model’s pseudo bifurcation diagram is due to the
minimum level of mixing in the model and will be explored
later after clear air radiative cooling is added in section 5.

3.2. Response of the SNBL to Added Downward
Radiative Flux

[54] Walters et al. [2007] explored the dynamics of the
simple system with added greenhouse gas forcing as a
bifurcation parameter near the transition wind speed from the
wind speed bifurcation diagram. In Walters et al., 2007 the
added energy bifurcation diagram shows an abrupt transition
in the region of reasonable variations in greenhouse gas
forcing and multiple solutions are supported. The abrupt
transition means that even slight changes in greenhouse gas
forcing can shift the solution to a warmer (and windier state).
We should note that magnitude of the transition in the simple
dynamical system model is dependent on the layer depth
chosen in the two-layer model and in fact layer depth enters
the dynamical system as a parameter [Shi, 1997].
[55] We now examine the response of the multilayer col-

umn model to added forcing by greenhouse gas forcing. We
impose an added 4.8 W m�2 to the downwelling radiation
from the atmosphere as discussed above and examine the
differences in boundary layer behavior. Figure 7 shows
the differences in first level (1.5 m) model temperature due
to the added forcing as a function of wind speed. It can be
seen that the magnitude of differential warming corresponds

closely to the transition in states discussed above. For lighter
winds, the turbulence is weak and the added heat cannot
be efficiently lifted off the surface, so there is little change
in temperature. For stronger winds, turbulence efficiently
removes the added heat and deposits it in the atmosphere. To
illustrate this concept, we calculate budgets to determine
where the added heat ends up in the model system.

4. Model Energy Budgets

[56] The longwave energy added into the model system
can be partitioned or deposited into several reservoirs. The
added energy can go to heating the atmosphere or go to
heating the slab (top ground layer). Also, there are losses of
energy from the system. Energy radiated from the surface is
lost to space and energy from the slab can be lost to the
substrate (deeper ground layer). We calculate the energy
budgets from the model for the system as a whole. The sur-
face turbulent heat flux from the model is integrated over
time to provide the turbulent heat gain or loss to the atmo-
sphere (through the surface flux divergence). In the base state
model, this is checked by also calculating the change in
column energy by converting the temperature profile to a
heat content profile (i.e., dry static energy) and then inte-
grating the profile:

EA ¼
Z top

0
rcpqdz

[57] Thus, the change in energy content for the atmosphere
over the time length of integration (t) is:

DEA ¼
Z top

0
rcp q tð Þ � q 0ð Þ½ �dz

[58] Because the original simple two-layer model and the
parallel column model did not carry along either an equation
of state or pressure, a constant surface density was used for
calculating surface heat flux (Ho). This is not a significant
assumption for the shallow SNBL here. For consistency and
since we are interested in the shallow SNBL, the energy
integral assumes a constant density and the integral was
limited to the lowest 1.5 km of the model. In the model
without radiation, the only energy source for the atmosphere
is the surface sensible heat flux so that the net input of energy
over time (T) is:

Z t

0
Hodt

where t is the time of integration. These two independent
measures of gain or loss for the atmosphere must balance:

ImbalanceA ¼
Z top

0
rcp q tð Þ � q 0ð Þ½ �dz�

Z t

0
Ho dt:

[59] Similar, calculations were made to determine the
change in energy of the ground slab:

DEs ¼ rs cs Dh Tg tð Þ � Tg 0ð Þ� �

Figure 7. Differential change in temperature for the case of
added longwave energy minus the base case versus wind
speed for two different roughness values.
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as well as the radiative losses from the slab:

Eo ¼
Z t

0
s T4

R tð Þdt

and conductive losses to the substrate:

Em ¼
Z t

0
km Tg tð Þ � Tm

� �
dt:

[60] An equivalent balance for the slab is given by

Imbalances ¼ rs cs Dh Tg tð Þ � Tg 0ð Þ� ��
Z t

0
sT4

Rdt

�
Z t

0
km Tg tð Þ � Tm

� �
dt

[61] In tests in the base case of the model (i.e., before
adding the longwave increment), the total fractional balances
(imbalance/totals) for the atmosphere and the slab were
generally less than 0.005.
[62] Next, this budget framework was used to examine

where the added longwave energy is partitioned or deposited
within the system. However, the definition of added energy
entails some ambiguity. While we add a fixed 4.8 W m�2

rate to the downwelling radiation from the atmosphere to

the surface, the actual downwelling radiation can also be
changed as the atmosphere responds to the added heat. In the
simple model without a clear air radiative parameterization,
the added downwelling radiation comes from equation (6)
and is dependent on the first layer model temperature.
Thus, as the first layer temperature heats up, the downward
radiation increases (thus a positive feedback).
[63] Figure 8 shows the budget in total J/m2 for the 0.3 m

roughness case before and after the transition in states (UG6
and UG8). The atmospheric integral gain or loss is found by
summing the total sensible heat flux over the simulation at
the time step level. The radiative loss is found by summing
the upwelling radiation from the surface at the time step level.
The downwelling radiation and the loss to the substrate are
similarly calculated.
[64] For the lighter wind speeds, the added energy evi-

dently is not removed from the surface by turbulence to the
atmosphere so the skin temperature increases and thus the
added energy radiates from the surface as a loss to the system.
The slab heats up, and there is a loss to the substrate and the
budget balances. For the higher wind speeds, more of the
added energy is transferred to the atmosphere as sensible
heat. What is noticeable is that the downwelling energy sig-
nificantly changes between the two cases due to the approx-
imately 1.5 K warming of the first model layer.
[65] However, the question is how could the first level

temperature increase by 1.5 K given the partitioning of

Figure 8. Model budget showing disposition of the added longwave energy (4.8 W m�2) after 12 h of
simulation for the UAH model for the case of no clear air radiative forcing. Note positive values indicate
heat added and negative values a loss to each reservoir.
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energy in which only a fraction of the energy added actually
gets into the atmosphere. We can make a first order calcula-
tion of the change in boundary layer temperature by assum-
ing the following simple model:

DT ¼ DH

rcph
ð14Þ

where is the change in boundary layer temperature,DH is the
added heat, r is the air density, cp is the air specific heat
capacity and h is the boundary layer depth. Esau [2008] also
noted that the response to forcing is inversely proportional to
the boundary layer depth.
[66] For the total 12-h simulation, the direct incremental

heat added to the system at a rate of 4.8 W m�2 is approxi-
mately 207,000 J/m2. If all of this heat were added to the
boundary layer with a boundary layer depth of approximately
100 m (from Figure 6), equation (14) yields a DT �1.6 K.
However, the model budget indicates that only about
14,100 J/m2 are introduced into the atmosphere as sensible
heat which, for this model (with the absence of atmospheric
radiative heating), is the only source of atmospheric heating.
Using this heat input in the simple model yields a �0.11 K.
Then, the question arises: How can the column model surface
air temperature (1.5 m level) increase by 1.5 K?
[67] The answer lies in a conjecture made byWalters et al.

[2007] based on the simple dynamical system that the added
greenhouse gas forcing destabilizes the boundary layer pro-
ducing a slightly deeper nocturnal boundary layer but, more
importantly, a slightly less stable profile. The growth of the
boundary layer and less stable profile allows enhanced
downward mixing of warmer air to the surface. This further
increases the downwelling radiation. Thus, there is a sub-
stantial positive feedback to increase the near surface tem-
perature. In this case, it is as though the 14100 J/m2 has acted
to be equivalent to �200,000 J/m2 in terms of the tempera-
ture response. However, as noted by Walters et al. [2007],
this increase in temperature at the surface is due to a redis-
tribution of heat in the atmosphere, not an accumulation of
heat.

[68] To examine this redistribution in the full column
model, Figure 9 shows the temperature profile difference
between the base case and the added radiative forcing for
different geostrophic wind speeds. One can see that at the
UG6 case before the transition, there is very little change in
the atmospheric profile between the two cases. However, in
the UG8 difference profile it can be seen that there is a sub-
stantial change in the profile with cooling aloft and warming
below. To help explain the difference, Figure 10 shows at
higher resolution the actual temperature profiles for the UG8
case with and without the added radiative forcing and also
shows the difference plot. The actual profiles show the
boundary layer has been slightly destabilized by the added
forcing, and the boundary layer has grown slightly. In some
sense, the added forcing in destabilizing the boundary layer is
acting in the same sense as a slightly increased wind speed.
The slightly deeper and more turbulent boundary layer has
redistributed heat in the profile with cooling aloft andFigure 9. Difference in vertical potential temperature pro-

file between added GHG energy and base case from UAH
for the case with no clear air radiative cooling.

Figure 10. (top) Expanded view of the difference in poten-
tial temperature profile between the case of added GHG
energy and base case for a geostrophic wind of 8 m s�1.
(bottom) Expanded view of profile difference.
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warming below. Again, this is analogous to a windier stable
boundary layer mixing warm air to the surface. The amount
of warming at the surface due to this redistribution of heat is
reflected by the relative amount of area in the cooled and
warmed areas. Thus, it can be seen that a large amount of the
warming at the surface is due to this redistribution of heat, not
to the added heat from the added radiative supplement.
[69] This integrated change in heat content was computed

in the model. In carrying out this integration of the difference
profile, we find that the net heating in the profile is 14400 J/m2

or within the rounding and numerical error equivalent to the
14078 J/m2 found by summing the sensible heat flux in the
budget given in equation (6). Because mixing is a conserva-
tive process, by integrating the negative (cooled area) in the
upper levels, we can also determine the amount of heating
seen in the lower part of the profile that is due to this redis-
tribution. In carrying out this integration, we find that
�30600 J/m2 of the warming in the lower part of the profile is
due to this redistribution of heat. Thus, we can see that the
redistribution of heat accounts for well over twice the heating
of the lower profile compared to the added heat from the
radiative supplement. In the simple downward radiative
model, the added downwelling energy to the surface is also
driven by this warming leading to another positive feedback.

5. Model Response With Clear Air Radiation

[70] The original two-layer bifurcation analysis model and
the full multilayer column model above neglect clear air
radiative contributions as did the Derbyshire [1999] model.
Clear air radiative contributions have been indicated to be a
significant component in the development of the nocturnal
boundary layer [André et al., 1978; McNider and Pielke,
1981; Garratt and Brost, 1981; Steeneveld et al., 2011].
We now examine the response of the stable boundary layer to
external forcing with the inclusion of a full radiative scheme
that allows both cooling through radiative flux divergence in
the atmosphere as well as improved specification of down-
welling longwave flux to the surface. The scheme incorpo-
rated is the Fu and Liou [1993] scheme, which is a Delta
four-stream radiative transfer code.
[71] We add the radiative forcing for the same model case

as described above. Figure 11 shows the vertical profiles of

temperature for different wind speeds and for roughness
lengths of 0.03 m and 0.3 m. It shows that radiation largely
serves to smooth the profiles. The large and abrupt curvature
at the top of the SNBL creates radiative flux divergence
which smoothes the inflections. There is also now clear free
air cooling of the profile above the turbulent boundary layer
so that the effective inversion height is increased (compare
to Figure 6). This is consistent with other studies showing the
impact of clear air radiative contributions [Garratt and Brost,
1981; McNider and Pielke, 1981; Steeneveld et al., 2006].
[72] We next examine the pseudo-bifurcation diagrams for

the case with radiation. Figure 12 shows the dependence on
temperature with wind speed for the roughness length of
0.3 m for the England-McNider (E-M) stability form as well
as the Beljaars and Holtslag and Louis stability functions,
which will be discussed later in the paper. The shape of the
bifurcation diagram for the E-M form is similar to that with
no clear air radiation included except, as with the vertical
profiles, the curves are smoother, and there is not as much of
an abrupt change at the transition. The case with radiation
also has lower temperatures at higher wind speeds (com-
pare with Figure 6). This is in part due to slightly reduced
downward longwave radiation at the surface using the full
radiative code.

Figure 11. Vertical profiles of potential temperature for different imposed geostrophic velocities for the
UAH model with clear air radiative forcing.

Figure 12. Pseudo-bifurcation diagram for the UAH model
with clear air radiative cooling at using (EM) the England-
McNider stability function, (BH) the Beljaars-Holtslag form
and the Louis form.
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[73] As mentioned above, while the shapes of the E-M
pseudo-bifurcation diagrams are physically interpretable,
the perhaps more expected response is that shelter level
temperatures would increase with increasing wind speed. We
must remember that the present model was constructed to
keep non-explicit (i.e., computationally caused) mixing to a
minimum. Additionally, the E-M stability function supports
minimum mixing compared to stability functions used in
many operational models [Viterbo et al., 1999; Cuxart et al.,
2006]. We must further caution that operational models
operating at coarse resolution and for non-idealized settings
may explicitly and implicitly incorporate other forms of
mixing such as topographic drag [Steeneveld et al., 2008b]
and wave drag [Chimonas and Nappo, 1989]. Also, as noted
above, Delage [1997] and Mahrt [1987] argued that grid
averaged Ri are larger than point measurements. The present
model while consistent with theoretical boundary layer over
flat terrain may not fully reflect the complexities of the
real world. To test the impact of increased mixing, we now
run the model for the longer-tailed stability functions (the
Beljaars and Holtslag and Louis forms).
[74] Figure 12 shows the pseudo-bifurcation diagram for

the Louis and Beljaars-Holtslag form. As shown, with the
additional mixing, the bifurcation diagrams show the perhaps
expected behavior of temperature increasing with imposed
wind speed. There is a slight tendency for the Beljaars-
Holtslag form, which has less mixing than the Louis form, to
also show warmer temperature at the lowest wind speed like
the England-McNider form.
[75] As noted by Delage [1997] and Derbyshire [1999],

even though the short-tailed stability functions appear to
approximate best the classic surface layer profiles, many
operational NWP settings have added mixing such as from
the Louis and Beljaars-Holtslag form to reduce a cold bias
in 2 m temperatures [Viterbo et al., 1999]. However, in the
present model with minimum non-turbulent mixing and the
short-tailed stability function, the first level temperatures
remain relatively warm at low wind speeds. In operational
models and research models, minimum diffusion coefficients
are often used (K = 0m2 s�1 is actually an ill-posed problem).
Also, minimum flux values or minimum u* values are
sometimes set in part to avoid division by zero in similarity
expressions. Unless these are set to be sufficiently small, they

can cause the first level to be turbulently connected to the
surface. This results in the first model layer becoming too
cold. Then, added mixing such as from a Louis or B-H form
is needed to mix heat downward to reduce cooling at the first
layer.
[76] We next carry out the added longwave energy

experiments using the model with the clear air radiation
included. Figure 13 (solid line) shows the differential heating
due to added radiative energy as a function of wind speed
for the model for the E-M stability function with clear-air
radiative contributions included. The general characteristics
of the curves are similar to the cases without radiation
(Figure 7). There is a tendency for the heating to be less an
inverse function of wind speed (i.e., flatter) at higher wind
speeds. In tests where clear air radiation was used but
downwelling radiation was calculated from the simple
expression dependent on first level temperature used in
Walters et al. [2007], we found that the change in behavior
at higher wind speeds was due to the differences in down-
welling radiation to the surface with the full radiation code
and not to clear-air radiative contributions
[77] Figure 13 (dashed lines) show the response of the first

level temperature when longer-tailed stability functions
(Beljaars-Holtslag (B-H) and Louis) are used. The response
of the air temperature in the longer-tailed forms does not
depend as strongly on wind speed as does E-M. This is due to
the increased level of mixing in the long-tailed forms more
effectively lifting the added heat off the surface. In the E-M
form, the connectivity to the surface is limited because of
small turbulence levels, so the energy does not enter the
atmosphere.
[78] Figure 14 shows the energy budgets for the model

with full radiation included for a roughness of 0.3 m and the
E-M, B-H, and Louis stability functions. One can see that
the forms with more mixing are more effective in getting the
added radiative energy off the surface and into the atmo-
sphere. It also shows that the response of the atmosphere is
less for the cases with more mixing. This is evidently due to
the larger boundary layer heights in the models with more
mixing. Even though these models are mixing the added
energy off the surface more effectively, the energy is being
distributed over a greater depth (see equation (14)).
[79] The most important difference is the much larger

amount of energy added to the atmosphere compared to the
model with less mixing (the E-M form). In the E-M form and
its limited mixing, the added energy stays at the surface and is
then more effectively radiated out and lost to the system
(some small amount is absorbed in the atmosphere but most
escapes through the window region). In the budget for the
Louis UG8 case, over 90,000 J/m2 are added to the atmo-
sphere compared to �14,000 J/m2 for the England-McNider
UG8 case. While most of the warming at the first model level
in the England-McNider form is due to the redistribution of
heat in the profile, the forms with more mixing are heating
due to an accumulation of heat from the additional surface
heat flux.
[80] To be fair, the B-H and Louis forms were probably not

intended to be applied in this fine resolution model setting.
In coarser grid models, these forms would likely produce
less mixing than what is given. However, these experiments
show that added mixing, whether from numerical schemes

Figure 13. Differential heating for the case with clear air
radiational forcing added radiative energy minus base case
versus wind speed for different stability functions.
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and coarse resolution or to make models perform better
operationally, can dramatically alter the fundamental distri-
bution and partitioning of energy in the atmosphere in the
SNBL.
[81] The difference profiles for the clear-air radiative case

were generically similar to those without clear air radiative
contributions (Figure 9). The redistribution of heat due to the
destabilization of the boundary layer by the radiative sup-
plement was retained in the case with the full radiative
scheme.

6. Warming of the Near-Surface Temperature
as a Function of Wind Speed

[82] As mentioned in the introduction, there has been some
controversy in the literature concerning the dependence
of warming in the nighttime on wind speed. Parker [2004]
and, in more detail, Parker [2006] indicated, since he found
no dependence in nighttime warming in observational data
between light wind nights and strong wind nights, that the
warming was not due to urban heat island effects and thus
must be a part of the greenhouse gas warming signal. Pielke
and Matsui [2005] (PM05), using a simple analytical model
of the structure and character of the stable boundary devel-
oped by Stull [1983], found that added forcing from

greenhouse gases yielded a near-surface temperature
response that, like the urban heat island system, was also
inversely dependent on wind speed.
[83] PM05 performed several experiments with the flux

divergence (radiative and turbulent heat flux) varying from
�50 W m�2 to �10 W m�2 showing the profile forms and
lapse rates in the stable boundary layer for different wind
speeds after 12 h. They then performed a greenhouse gas
forcing experiment by showing the difference in tempera-
tures between the �50 W m�2 and �49 W m�2 cases so
that the greenhouse gas perturbation corresponded to a
+1.0 W m�2 increase in energy in the boundary layer.
[84] Steeneveld et al. [2011] revisited the PM05 results

using a more complete boundary layer model. This model
included a fully interactive land surface model coupled
to a first order closure atmospheric boundary layer model.
The model was set up to partially mimic 23–24 October
1999 UTC during the CASES-99 campaign. The initial
profile was inspired from the radiosonde of 23 October
1900 UTC, with an approximately constant potential tem-
perature (284 K) from the surface to z = 800 m, and an
inversion aloft. The specific humidity was taken constant
(1.0 g kg�1) in the whole model domain for the default
experiment. The initial wind speed was constant with height
and equal to the Vg, but matching a logarithmic profile close

Figure 14. Model budget showing disposition of added longwave energy (4.8 W m�2) after 12 h of sim-
ulation for the UAH model for the case of with clear air radiative forcing for the England-McNider (EM),
Beljaars-Holtslag (BH) and Louis stability function. Note positive values indicate heat added and negative
values a loss to each reservoir.
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to the surface. This is similar to the idealized CASES-99
profile employed by the UAH model in the previous section,
except the UAH case used a late afternoon sounding 23
October 0000 UTC and the actual specific humidity from the
CASES sounding. Steeneveld et al. [2011] used the drier
constant (1.0 g kg�1) value because clouds formed in the S11
model with the original moisture which complicated the
analysis. The UAH model does not have cloud processes, so
this was not an issue.
[85] The UAH model in this section is configured to the

soil parameters used in the Steeneveld et al. [2011] study
rather than the dry sand soil in the above analyses (see
Table 3). However, the treatment of the land surface in the
Steeneveld et al. [2011] model is quite different from the
UAH model. As we discussed previously, the UAH model
employs a simple single slab model, but with a skin tem-
perature coupled with the Zilitinkevich [1970] adjustment to
compute fluxes. The Steeneveld et al. [2011] model uses a
multilayer soil model but employs a vegetative mulch layer
above the soil with a small heat capacity to give a large
dynamic range in the surface temperature. Steeneveld et al.
[2011] also uses the adjustment in roughness length for
heat (z0H = z0M/10) in the flux calculations rather than an
explicit adjustment. Also, the radiation codes are entirely
different with the Steeneveld et al. [2011] model using a form
of the Garratt and Brost [1981] radiative scheme, while
UAH used the Fu and Liou [1993] code. While the radiative
codes are different, as for the experiments in section 3, the
UAH model employed the delta longwave supplement from
Steeneveld et al. [2011] of 4.8 W m�2.
[86] Figure 15 shows the Steeneveld et al. [2011] results

compared to the UAH model. The Steeneveld et al. [2011]

model effectively uses the Duynkerke stability function
shown in Figure 3. However, it does not directly use the
stability function formulation used in the UAHmodel; rather,
it employs the more traditional iterative implementation
[Duynkerke, 1991]. The UAH model was also run using the
Ri dependent Duynkerke stability function.
[87] Given the differences in structure and inputs the two

models agree well in terms of the dependence on wind speed.
The UAH model appears to have less mixing than the
Steeneveld et al. [2011] model and accentuates the muted
response at smaller wind speeds where, as discussed above,
the limited mixing inhibits the lifting of the added energy
from the surface. But more importantly, the UAH model
mostly confirms the conclusions of Steeneveld et al. [2011]
that the response to added radiative forcing is largely inde-
pendent of wind speed, particularly at speeds greater than
�4 m per second, and if there is any dependence, it is of the
opposite sign proposed by PM05 at light wind speeds.
[88] Steeneveld et al. [2011], in questioning the PM05

temperature wind speed dependence, noted that the assump-
tion of an added flux (+1.0 W m�2) representing greenhouse
gas forcing, while perhaps a first attempt at boundary layer
sensitivity, was not realistic. Invoking observations and
model results, Steeneveld et al. [2011] showed that the added
flux must be dependent on wind speed. We here examine the
role of fluxes as well as the nonlinear dynamics of the SNBL
in the near surface temperature response.
[89] Figure 16 (top) shows the surface turbulent sensible

heat flux from both the Steeneveld model and the UAH
model (for both the Duynkerke stability function and the
England-McNider form) for the base case without added
radiative forcing. The fluxes agree relatively well with the
UAHmodel showing slightly less flux at higher wind speeds.
Figure 16 (bottom) shows the difference in sensible heat flux
due to the added longwave energy. Given all the differences
in the construction of the surface structures between the two
models, the agreement in fluxes is heartening in that despite
the highly nonlinear characteristics of the SNBL, a critical
subcomponent of the models agree. We note that the peak in
fluxes from the Steeneveld model near 14 m/s is likely a
model aberration but since it was in the original model output
and not from post-processing it is included in the plot.

Table 3. Soil Characteristics From Steeneveld et al. [2011] and
Employed in the UAH Model in the Wind Speed Analysis in
Section 4

Characteristic Value

Soil Density (rs) 1850 kg m�3

Soil Specific heat capacity (cs) 2150 J K�1 kg�1

Soil Diffusivity (ks) 1.55E-6 m2s�1

Soil Conductivity (ls) 0.61 J s�1 m�1 K�1

Figure 15. Differential heating – added longwave energy minus the base case versus wind speed for the
Steeneveld et al. [2011] soils case with clear air radiational forcing.
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[90] Steeneveld et al. [2011] in their criticism of the PM05
results concluded that the neglect of land surface coupling
and the resulting dependence of surface fluxes on wind speed
were at the heart of the differences in model response.
Figure 16 (bottom) also includes the simple constant flux
used by PM05. However, the model results in the first part of
this paper suggest that changes in the turbulent characteristics
and temperature profiles in the SNBL itself may also play a
role.
[91] The fluxes from the Steeneveld et al. [2011] model can

be used directly in the Stull model employed by PM05.
Figure 17 shows the surface 2 m air temperature from
the Stull model using both the original constant flux used
by PM05 and the fluxes from the Steeneveld model (in
Figure 16). The Stull model response, even with the speed
dependent fluxes, is quite different than the Steeneveld et al.
[2011] model or the UAH model. The difference is that the
Stull model does not include the role of nonlinear dynamics
that added forcing plays in changing the shape of the profile
and resulting redistribution of heat in the profile. The Stull
model was developed as a first order model for the vertical
behavior of temperature in the SNBL. Its exponential shape
is more representative of the strongly stable boundary layer
than the weakly stable boundary layer and was perhaps never

Figure 16. (top) Surface sensible heat flux comparison for the base case between UAH and the Steeneveld
model. (bottom) Difference in heat flux (added longwave case minus the base case).

Figure 17. Difference in shelter level temperature due to
added greenhouse energy. PM05 employs the Stull model
and original increment of +1 W m�2 as used in Pielke and
Matsui [2005]. S11 is from Steeneveld et al. [2011] and
employs a GHG of 4.8 W m�2. Stull with S11 flux uses the
differential flux from Steeneveld et al. seen in Figure 16.
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intended to be applied across the range of wind speeds
employed by PM05.
[92] Steeneveld et al. [2011] also postulated that the degree

of land surface coupling might also determine the atmo-
spheric response to added forcing. The Steeneveld et al.
[2011] model employs a connection between their vegeta-
tive mulch layer and the soil using their ground heat flux -
G = L (Tveg–Ts,0), where Ts,0 is the soil temperature of the
topsoil and L is the land surface coupling coefficient. The
UAHmodel, which employs a skin temperature, has a similar
term, G = rscsks(qs � TG)Dheff

� 1, which connects the skin
temperature to the slab. In the present paper the UAH
equivalent land surface coupling coefficient for the original
soil case (see section 3.0) is L = 6 Wm�2 K�1 and for the
Steeneveld et al. [2011] soils in this sectionL = 12Wm�2 K�1.
This is somewhat larger than Steeneveld et al. [2011] who
used L = 5 W m�2 K�1. However, the Steeneveld et al.
[2011] ground heat flux is connecting the vegetative mulch
layer to the soil, whereas, in the UAH model, it connects the
skin temperature to the soil. The skin temperature likely has a
larger dynamic range than the vegetative mulch layer in
Steeneveld et al. [2011]. As noted by [McNider et al., 2005]
the heat capacity or thermal inertia of actual grids with mix-
tures of soil, trees, mulch are really model heuristics not
as simple as single soil or mulch configurations considered
here.
[93] The only difference between the UAHmodel results in

the first part of this paper (Figure 7) and the results compared
to the Steeneveld et al. [2011] model (Figure 15) are in
the soil parameters. While the soil density and heat capacity
are different, the biggest effective difference is in soil

conductivity which is twice that used in the experiments
above (compare Tables 2 and 3).
[94] Using the budget tool, we can now examine how soil

characteristics can change the partitioning of energy.
Figure 18 shows the budgets for the two different soils (both
have roughness z0 = 0.03). One can see that the greater soil
conductivity provides a larger part of the added longwave
energy to the slab. The radiative loss is less. With the larger
conductivity, the skin temperature does not cool as much,
so the surface layer is less stable than the original soil. The
model thus moves more quickly to a coupled regime.
Therefore the model basically transitions faster. There is a
caveat to the results in the UAH model in that the slab depth
is fixed for these experiments. Thus, the effective land sur-
face coupling coefficient is tied to this depth. Additional
work should be carried out related to this model when sen-
sitivity to land use change is addressed in a follow-on paper.
[95] This experiment and those with different mixing

parameterizations show that both the atmospheric response
and the ultimate fate of added energy depend strongly on the
land surface characteristics as suggested by Steeneveld et al.
[2011]. The previous experiment indicates that the turbulent
treatment can also impact the response (see Figure 14). Thus,
these model results indicate that the disposition of added heat
is dependent on land use and mixing parameterizations.

7. Summary

[96] Due to the observed trend in diurnal temperature
range, with a significant part of the warming in the observa-
tional record over land occurring at night, it is important to

Figure 18. Model budgets showing disposition of added longwave energy (4.8 W m�2) after 12 h of sim-
ulation for the UAHmodel for the case of with clear air radiative forcing comparing Steeneveld et al. [2011]
soil which has larger soil conductivity than the original soil in Figures 8 and 14. Note positive values
indicate heat added and negative values a loss to each reservoir.
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understand the response and sensitivity of the SNBL to added
radiative forcing. The present paper has performed a careful
analysis of the behavior of the SNBL when subjected to an
added increment of longwave forcing. It extended the simple
two-layer bifurcation analysis of Walters et al. [2007] to a
relatively complete multilevel single column model with a
state-of the-science radiative scheme. This new column
model was based on a new non-iterative boundary layer
scheme which allows easy testing for different stability
functions.
[97] The results show that the shelter level temperature in

the SNBL can be quite sensitive to added radiation. In fact,
the temperature changes on the order of 0.3�0.6 K due to a
radiative forcing of 4.8 W m�2 would account for 50% of the
trend in the instrumental record for the 20th Century
(Figure 1). It would also be nearly equivalent to the warming
produced by most climate models of 0.5 to 0.7 K over the
20th Century [Kiehl, 2007]. However, these experiments are
not climate experiments since heat is not allowed to accu-
mulate over a long-term integration. Rather, they show that,
with all other variables being the same, a SNBL subjected to
a small increment of energy would cause the shelter tem-
perature to warm significantly while cooling the top portion
of the SNBL. The increase in temperature is largely a result
of the redistribution of heat in the profile, not in the accu-
mulation of heat. Thus, even if heat had not accumulated in
the deep atmosphere in the last century but longwave radia-
tive forcing had increased (from either greenhouse gases or
downward longwave radiation from aerosols or even jet
contrails), we might expect a significant trend in minimum
temperatures at shelter height.
[98] Based on the simple bifurcation analysis, Walters

et al. [2007] speculated that in certain parameter spaces the
SNBL might be destabilized by the added radiative incre-
ment producing a redistribution of heat. This redistribution of
heat would then increase the surface temperature well beyond
what the direct added energy would provide. This positive
feedback conjecture was supported in the full column model.
[99] The analysis also showed that the final disposition and

partitioning of the added energy in these short time period
runs were highly dependent on the amount of mixing incor-
porated in the boundary layer scheme. These analyses illus-
trate that, in climate and weather models, care must be taken
to ensure that mixing processes reflect the physics of the
boundary layer rather than having mixing processes tuned to
replicate single level observations. While operational and
some climate models are sometimes tuned by adding mixing
(based on the arguments of heterogeneity and missing pro-
cesses) to make operational performance better in the SNBL
[Delage, 1997; Derbyshire, 1999; Viterbo et al., 1999], the
results here indicate that climate models cannot perhaps
afford this luxury in that such actions may also alter the
disposition of added heat in the atmosphere and the energy
budget of the atmosphere.
[100] The analysis also examined the shelter level temper-

ature response to radiative forcing as a function of wind
speed that had previously been addressed by Pielke and
Matsui [2005] and Steeneveld et al. [2011]. The results
broadened the parameter space analyzed by Steeneveld et al.
[2011] in both roughness and land surface coupling.
The conclusions are in agreement with Steeneveld et al.
[2011] that the shelter level temperature change is largely

independent of wind speed and counter to that of Pielke and
Matsui [2005]. In fact, it was encouraging that internal details
such as fluxes of the single column model and Steeneveld
et al. [2011] agreed, even though the model structures were
different and independent. The analysis also showed that
the analytical Stull model [Stull, 1983] used by Pielke and
Matsui [2005] even with specification of correct fluxes sug-
gested by Steeneveld et al. [2011] does not incorporate the
nonlinear dynamics needed to address properly the SNBL
behavior when subjected to added radiative forcing.
[101] The present analysis reinforces previous work

showing that the SNBL is a very complex dynamical system
[ReVelle, 1993; McNider et al., 1995; Van de Wiel et al.,
2002a, 2002b; Delage, 1997; Derbyshire, 1999] that can be
highly sensitive to parameters appearing in the land surface
coupling and to imposed parameters such as radiation and
wind speed. Given the relatively shallow nature of the SNBL
and our current understanding of how to parameterize tur-
bulence, high vertical grid resolution appears to be the key to
capturing the fidelity of the SNBL [Steeneveld et al., 2006;
Byrkjedal et al., 2008]. Accurately addressing the SBL may
also be critical to correct a warm bias in surface air tem-
peratures in climate models in the Arctic [Byrkjedal et al.,
2008] and to the response of the Arctic SBL to added
downward radiation of aerosols [Nair et al., 2011].
[102] As noted above results here are not climate simula-

tions and it is not entirely clear how the single column model
results extrapolate to actual climate trends over land. How-
ever, in the absence of other information it appears that pro-
cesses described here may alter such trends. Without true
climate simulations we cannot determine if such processes
might have other impacts on the larger scale circulation.

8. Discussion and Recommendations

[103] Since modeling of the SNBL is important to under-
standing climate change both in observations and models, it
is imperative that models are developed and tested to ensure
that climate trends and model trends agree physically in
terms of the disposition and distribution of heat. While the
present paper addresses the response and sensitivity of radi-
ative forcing, additional work is needed to understand the
response and sensitivity of the SNBL to land use change
[Pielke et al., 2007].
[104] Finally, one must remember that for all the detail and

analysis carried out here, the surface characterization in both
the UAH model and Steeneveld et al. [2011] model may be
poor reflections of the complexities of the real world which
must be modeled with amalgams of roughness, vegetation,
soils, and topography with high resolution horizontal spatial
grids [McNider et al., 2005]. However, as pointed out by
Derbyshire [1999], the theoretical and model frameworks,
though somewhat disjointed from the complexities of actual
fluid flows and observations, are the only tools we can build
upon.
[105] Until we can better understand the causes of the

trends in minimum temperatures and improve the ability of
models to replicate these trends, the climate community
should be cautious on the use of minimum temperatures as
part of a greenhouse gas global warming metric. Given the
sensitivity and current uncertainty in modeling of the SNBL,
the climate community might consider that, if surface
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temperature trends are going to be used as a metric to diag-
nose global warming, that trends in maximum temperatures
(which sample a much deeper part of the atmosphere) would
be more representative. As noted at the beginning of this
paper, climate models have not in general replicated the
nighttime warming. Given the coarse resolution in global
models and corresponding difficulties in resolving the sen-
sitivity of the shallow nighttime boundary layer, such repli-
cation of the nighttime warming may be out of the reach of
current models. Thus, it may be better for current climate
models, when they test replication of past climates and to
project future global warming, to only use maximum tem-
peratures rather than the current metric of using the mean
daily temperature, which contains the minimum temperature.
Of course, changes in nighttime temperatures represent real
changes and possible impacts to the climate system (e.g.,
melting ice), to society (agricultural productivity) and to
ecosystems. Thus, ultimately we need to develop climate
models that do have the resolution and sensitivity to capture
changes in minimum temperatures.
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