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Near-surface turbulent flux and radiation divergence field observations are analysed

over a grass-covered surface located at the Wageningen observatory, the Netherlands.

Net radiative flux divergence appears to be a large component of the energy bud-

get near the surface, accounting for a cooling rate of several tens of degrees per day.

Long-wave radiation divergence dominates this radiation divergence flux. We show

here that long-wave flux divergence near the surface is strongly coupled to sensible

heat flux, except in high relative humidity (>90%) and foggy conditions. The net

long-wave radiative flux divergence exhibits a sharp gradient within the first 20 m

above the surface. This flux divergence is itself strongly coupled to sensible heat flux

through adjustments in surface-layer profiles. Nonetheless, no systematic effect of

radiation is witnessed on the turbulent temperature spectrum so that the main effect

of near-surface radiation is on the mean heat budget. As typical flux-gradient rela-

tionships are derived based on observations taken in the near-surface boundary-layer

region where sharp long-wave divergence is present, we suspect that those relation-

ships implicitly represent some of the long-wave divergence term. A modification of

Monin–Obukhov Similarity Theory to include the effect of radiative divergence is

proposed and discussed. This calls for independent measurements of turbulent fluxes

and radiative flux divergence near the surface to re-derive turbulent flux-gradient

relationships independently of radiative effects.

KEYWORDS

flux-gradient relationship, radiation divergence, sensible heat flux, turbulent kinetic

energy, turbulent potential energy

1 INTRODUCTION

Radiation is an essential component of the dynamics of the

planetary boundary layer (PBL). Therein, radiation diver-

gence can be either a heat source or sink (Garratt and Brost,

1981; Nieuwstadt and Businger, 1984; Dias and Brutsaert,

1998; Ha and Mahrt, 2003; Hoch et al., 2007; Steeneveld

et al., 2010) and is especially large in regions of sharp vertical

gradients of temperature and greenhouse gases (e.g. mois-

ture), such as in the surface layer. Radiation regulates the

state of stable (Steeneveld et al., 2010) and cloudy boundary

layers (Randall, 1980; Deardorff, 1981; Moeng et al., 1999;

Stevens et al., 2001; Rauber et al., 2007) and the transition

from the nocturnal stable to daytime unstable boundary layer

(Edwards et al., 2014). Radiation divergence also strongly

impacts on boundary-layer entrainment (Randall, 1980; Dear-

dorff, 1981; Moeng et al., 1999; Fang et al., 2013a; 2013b;

Edwards et al., 2014). In addition, radiation can be either

a source or sink of turbulent potential energy in clear-sky

(Coantic and Simonin, 1984; Dias and Brutsaert, 1998; Dias,

2013) and cloudy boundary layers (Albrecht, 1991; Wang and

Albrecht, 2000; Fang et al., 2013a; 2013b), and can generate

or destroy turbulent kinetic energy.

Substantial understanding of boundary-layer turbulence

has been gained in the last decades using in situ observations

(e.g. Baldocchi et al., 2001; Gu and Baldocchi, 2002; Holt-

slag, 2014) and high-resolution numerical models (Deardorff,

1970; Mason, 1989; Sorbjan, 1991; Bechtold et al., 1996;

Khanna and Brasseur, 1997; Sullivan et al., 1998; Moeng

et al., 1999; Stevens and Moeng, 1999; Fedorovich et al.,
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2004; Schmidt and Schumann, 2006; Huang and Bou-Zeid,

2013). Except for the case of stratocumulus-topped PBLs,

studies of the role of radiation in PBLs have seriously lagged

behind those on turbulence. This is surprising since, in many

cases, radiation is one of the primary drivers of the PBL state.

In the stable boundary layer, for instance, radiation divergence

is a major – and often the main – component of the heat budget

(Sterk et al., 2013; Edwards et al., 2014; Kleczek et al., 2014)

and is therefore key to accurately predict northern latitude

temperature (Pithan and Mauritsen, 2014), a major source of

uncertainty in climate models (Bony et al., 2006). On larger

spatial scales and longer time-scales, radiation divergence,

turbulence and the surface energy and water budgets are inti-

mately coupled (Betts et al., 2013). It is thus essential to

correctly characterize the magnitude of radiation divergence

in the PBL and its relation to boundary-layer turbulence.

One of the main reasons behind the gap between turbu-

lence and radiation studies is due to the limited number of

observational campaigns including measurements of radia-

tive flux divergence. To our knowledge only a select set of

studies have included measurements of both turbulence and

radiative flux divergence, such as over Greenland (Drüe and

Heinemann, 2007; Hoch et al., 2007), Antarctica (Genthon

et al., 2013), the Netherlands (Steeneveld et al., 2010), dry

tropical conditions (Niger) (Estournel et al., 1986), transition

regimes, such as during the Boundary Layer Late Afternoon

and Sunset Turbulence field campaign (Blay-Carreras et al.,
2014; Lothon et al., 2014), and midlatitude climate (Kansas)

(Burns et al., 2003). Even the mere sign of radiation diver-

gence in the surface layer is not correctly understood (Stull,

1988), pointing to our limited knowledge of the process.

In this article we investigate the role of radiation divergence

and its relationship with turbulence in the surface layer, and

in particular sensible heat flux, using long-term in situ obser-

vations collected at the Wageningen Meteorological Observa-

tory, the Netherlands (Steeneveld et al., 2010). Our primary

objective is to shed light on the coupling between radiation

divergence and turbulence in the lower surface layer, both

in the mean (temperature) and variance (turbulent potential

energy).

The article is organized as follows. In section 2, we present

the data collected at the Wageningen observatory. In section 3,

we investigate the coupling between radiative flux divergence

and the temperature spectrum. In section 4, we investigate

the coupling between radiation and temperature gradient and

sensible heat flux. In section 5, we give recommendations

for further studies of radiation divergence and high-frequency

measurements. Conclusions are drawn in section 6.

2 DATASET

Vertical radiative flux divergence in the surface layer occurs

over short distances (first few tens of metres) corresponding

to the sharp vertical variations in mean temperature and gas

concentrations, requiring dense vertical profile observations

in the surface layer. We use data from Wageningen University

of the ‘Haarweg’ observatory in Wageningen, the Netherlands

(51.58◦N, 5.38◦E, 7 m above sea level). The surface was cov-

ered with perennial ryegrass (Lolium perenne L.) and rough

bluegrass (Poatrivialis L.). The grass was mown weekly dur-

ing the growing season and has a typical mean height of 0.1 m

and leaf area index of 2.9. The soil is classified as heavy

basin clay, with a top 30 cm mixed soil to improve drainage.

A schematic summarizing the different instruments and their

height is provided in Figure 1.

An aspirated psychrometer placed inside a large Stevenson

screen measured the air temperature, T , at 1.5 m above the

surface and wet bulb temperature, Tw, at 1.4 m above the

surface. Only air temperature was measured at 0.1 m above

the surface using a radiation screen. Another one measured

air temperature at 0.1 m above the surface. Downwelling (S↓)

and upwelling (S↑) short-wave radiation were measured with

pyranometers (Kipp & Zonen, Delft, Netherlands, CM11)

at 1.3, 10 and 20 m. Downwelling (L↓) and upwelling (L↑)

long-wave radiation were measured with a pyrgeometer (Kipp

& Zonen, CG1) at 1.3 m. Those measurements were sup-

plemented with long-wave radiometer observations (Kipp &

Zonen, CG2) at 10 and 20 m, during the period 1 February

to 30 June 2006. Observations were collected at 0.2 Hz and

aggregated to 10 min mean values. The silicon windows of the

CG2 blocks solar radiation and transmits light in the spectral

range 4.5–42𝜇m onto two thermopile sensors, which mea-

sure both components separately. The flat window limits the

field of view to 150◦. The CG2 was factory calibrated out-

doors against a pyrgeometer with a field of view of 180◦. The

CG2 has a time constant of 8 s, its nonlinearity is less than 1%.

All instruments were inspected on a daily basis and cleaned

if necessary (Jacobs et al., 2006).

It was essential to obtain accurate assessment of biases

between the different sensors. To this end, all sensors were

mounted at 1.3 m for 2 months (July and August 2006) and

calibrated relative to each other. At the end of the experi-

ment the sensors were further checked for potential drifts. The

sensor at 10 m was biased compared to the 1.3 m sensor by

10 W/m2 for downwelling long-wave L↓ and by 0.3 W/m2 for

upwelling long-wave. The sensor at 20 m was biased com-

pared to the 1.3 m sensor by 8.4 W/m2 for downwelling

long-wave L↑ and by 3.47 W/m2 for upwelling long-wave.

The measurements were corrected for the observed bias using

a time-dependent linear correction. Besides uncertainties in

the instruments, low visibility (usually corresponding to high

humidity) atmospheric conditions could hamper meaningful

radiation observations. We thus discarded rainy situations.

Further description of the dataset and data quality controls is

presented in Steeneveld et al. (2010).

Turbulent fluxes of momentum, heat and mass (H2O and

CO2) were measured on a lattice tower instrumented with an

eddy-covariance system installed at a height of 3.4 m. This

system included a three-dimensional sonic anemometer (3-D
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FIGURE 1 Schematics showing the position of the different instruments [Colour figure can be viewed at wileyonlinelibrary.com]

Solent, Gill Instruments Ltd., model A1012R2), and an open

path infrared CO2 and H2O gas analyser (IRGA) (LI-COR,

Inc., model LI-7500). The 3D sonic anemometer and the

IRGA were set 0.05 m apart. The data were Webb-corrected

for density effects due to heat and water vapour effects (Webb

et al., 1980).

Soil temperatures were measured with Pt-100 elements

at depths 0.05, 0.10, 0.20, 0.50 and 1.0 m. The soil heat

flux was measured by a heat plate (TNO, WS 31-Cp, accu-

racy 5%) buried at 75 mm depth. The soil heat flux at the

surface was estimated using the calorimetric method correct-

ing the ground heat flux at depth with the heat change of

the layer above it (Heusinkveld et al., 2004; Gentine et al.,
2012).

3 RADIATION DIVERGENCE:
LONG-WAVE PREDOMINANCE

3.1 Observations

We first want to gain insights on the relative importance of

the short-wave and long-wave flux divergence in the surface

layer. To this end we analyse the net short-wave ΔSnet and

long-wave ΔLnet radiative flux divergence between the value

at 1.3 m minus the value at 20 m. The flux sign convention

is taken as positive upward; a positive upward difference thus

corresponds to a cooling term. In the reminder of the article,

for simplicity, we use the term divergence for this difference

between 1.3 and 20 m, i.e. non-normalized by the distance,

except when specified.

Short-wave radiative flux divergence ΔSnet is relatively

erratic but does exhibit a clear diurnal cycle, with higher

values around noon (Figure 2), in phase with the peak in

net short-wave radiation. Some erratic negative values can

be observed but they cannot be due to direct solar beams,

which can only reduce when passing though the atmosphere.

Instead, those negative values are due to atmospheric hetero-

geneities from the surface, as well as turbulent anisotropy as

typically observed in situ (Gentine et al., 2011), as well as to

cloudiness but also to random noise across the vertical sen-

sors. Short-wave divergence increases sharply during sunrise

and sunset (Figure 2), when the solar elevation angle is low

and when radiation is more diffuse. Indeed, with diffuse light,

photons are scattered in all directions and the divergence of

the net short-wave in the lowest surface layer ΔSnet is small

compared to the absolute net short-wave flux Snet.

Except around solar noon, in clear sky conditions, the net

long-wave radiative flux divergence ΔLnet is the dominat-

ing flux of the radiation divergence throughout the day and

is typically one or two orders of magnitude larger than the

short-wave radiation divergence (Figure 2). This is not sur-

prising; in the absence of fog, short-wave attenuation (only

during daytime in the presence of solar radiation) in a layer

of less than 10 m is small because the lower wavelength

short-wave optical depth layer is small. In other words, in the

absence of fog the near-surface atmosphere is near transparent

in the short-wave but not in the long-wave. Given the prepon-

derance of the daylong long-wave radiative flux divergence,

we thus mainly focus on this term in the remainder of the

article and use the term radiative flux divergence in lieu of

long-wave radiative flux divergence.

http://wileyonlinelibrary.com
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FIGURE 2 (a) Thirty-minute time series of net (downwelling minus upwelling) radiation flux of short-wave (S) or long-wave (L) at 1.3 m minus the value at

20 m, and (b) a zoom on the period between days 100 and 120

The net upward long-wave divergence ΔLnet between 1.3

and 20 m represents a large fraction of the net long-wave

flux Lnet near the surface (1.3 m), with a mean value ranging

between 10 and 20%, depending on the meteorological con-

ditions. This fraction exhibits substantial variability (ranging

from −100 to 20% of the long-wave net flux Lnet) throughout

the course of the season. Values of |ΔLnet/Lnet| larger than 50%

are typical, and indicative of cloudy conditions, emphasizing

the large fluctuations of ΔLnet with weather conditions.

Normalizing ΔLnet by the distance between the two mea-

surement heights shows that most of the divergence is found

below 10 m; indeed, the normalized radiation divergence

ΔLnet between 10 and 20 m is only a relatively small fraction

(less than 10%) of the total flux divergence between 1.3 and

20 m (Figure 3). The radiation divergence in the lowest part of

the surface layer (<10 m) therefore dominates the total diver-

gence. This emphasizes that most of the radiation divergence

is located very close to the surface in a region where vertical

gradients of temperature and water vapour are usually steep.

Unfortunately, measurements below 1.3 m were not available

but it is expected that the long-wave divergence will be some-

what stronger between the surface and 1.3 m. Indeed, one can

estimate the difference in radiative heating between different

heights, assuming a grey-body emission with constant emis-

sivity and a near-neutral logarithmic profile of temperature.

With a grass height of 0.1 m and a heat roughness length of

0.01 times the vegetation height, i.e. z0h = 0.001 m, one finds

that the flux difference ΔLnet between 0.1 and 1.3 m is 2.3

times stronger than between 10 and 20 m.

There are inherent challenges in measuring the long-wave

divergence close to the ground, i.e. below a metre, as the

observed footprint becomes very small and thus might not be

representative of the larger footprint seen at higher levels. In

our experiment the turbulent fluxes are evaluated at 3.4 m and

net radiation is evaluated at 1.3, 10 and 20 m, while the ground

heat flux is evaluated a few centimetres below the ground. The

near-surface long-wave divergence could represent a substan-

tial fraction of the surface energy and could contribute to the

observed lack of surface energy balance, especially when sen-

sors are located far away from the surface (e.g. 10 m like above

tall vegetation, in order to be above the roughness sublayer).

Using a radiative transfer model with 24 levels covering

the lowest 1,000 m of the atmosphere with 8 m resolution

in the lowest 50 m, Cerni and Parish (1984) evaluated the

mean daily radiative heating rates near the surface under

horizontally homogenous conditions for climatological tem-

perature and humidity profiles. They found heating rates of

the order of −4 K/day in the Tropics, −3 K/day in midlati-

tude summer, −1 K/day in midlatitude winter and −2 K/day,

−0.5 K/day respectively, in subarctic summer, winter respec-

tively. Also, assuming horizontally homogeneous conditions,

our observed radiative cooling near the surface is much larger

than those estimates with daily values of −5 to −10 K/day in

wintertime and −10 to −20 K/day in summertime (Figure 4a).



GENTINE ET AL. 2495

(L
net

(1.3 m) - L
net

(20 m))/(20 – 1.3) (W/m3)

(L
ne

t(1
.3

 m
) 

- 
L

ne
t(1

0 
m

))
/(

10
 –

 1
.3

)
(W

/m
3 )

(L
ne

t(1
.3

 m
) 

- 
L

ne
t(1

0 
m

))
/(

10
 –

 1
.3

)
(W

/m
3 )

(L
net

(1.3 m) - L
net

(20 m))/(20 – 1.3) (W/m3)

(a)

(b)

FIGURE 3 (a) Relationship between 10 min long-wave divergence computed between 1.3 and 10 m versus the value computed between 1.3 and 20 m. (b)

Relationship between long-wave divergence computed between 10 and 20 m versus the value computed between 1.3 and 20 m. This result emphasizes that

most long-wave divergence is located below 10 m

Sensible heat flux and specific humidity also increase dur-

ing the spring and summer (Figure 4b,c) and are some of the

causes of the seasonal change in the long-wave radiative heat-

ing rate, as they modify the strength of the long-wave flux gra-

dient through changes in the air emissivity and temperature

gradient (see discussion below). The measured long-wave

radiative heating rate also exhibits a strong diurnal cycle,

following the diurnal evolution of the vertical gradients of

temperature and humidity in the surface layer, with night-time

minimum values typically of the order of −20 to −50 K/day,

or −0.8 to −2.1 K/h. The long-wave radiation divergence

contribution to the near-surface layer energy budget is thus

large.

The contribution of this long-wave component to the total

PBL heat budget is clearly important, especially in shallower

stable boundary layers. In the daytime convective boundary

layer, the long-wave radiation contribution integrated over

the entire PBL depth is smaller than the overall sensible

heat flux contribution and explains why long-wave radia-

tion is typically neglected in bulk convective boundary-layer

heat budgets (Tennekes, 1973; Deardorff, 1979; Tennekes

and Driedonks, 1981; Fedorovich, 1995; Gentine and Bellon,

2014). For comparison, the warming rate of potential tem-

perature due to a typical summertime surface sensible heat

flux of 100 W/m2 is 0.3 K/h over a PBL height of 1,000 m,

neglecting entrainment (entrainment has a negligible effect on

the potential temperature budget of the boundary layer as it

is compensated by the PBL growth (Gentine et al., 2013)). In

other words the sensible heat flux difference between the bot-

tom and top of the boundary layer is of the order of 100 W/m2.

In the surface layer, radiation flux difference on the other hand

typically accounts for less than 10 W/m2, with peak values

20 W/m2 and thus is an order of magnitude smaller than the

sensible heat flux difference. When integrated over the entire

PBL the radiative cooling can be much stronger, especially in

the presence of stratocumulus clouds and can reach values as

low as −0.25 K/h (Naumann et al., 2017).

Noticeably, the atmospheric long-wave radiation diver-

gence flux is not represented in current generation of

land-surface models, as the air is assumed transparent

between the surface and the height of connection with the

atmospheric model or prescribed weather station height in

uncoupled land-surface models, typically located between 2

and 20 m. In other words, in land-surface models the air is

assumed to be transparent to radiation (e.g. Lawrence et al.,
2011). The transparency of the air is clearly not a valid

assumption, especially in the long-wave (Figure 2). In addi-

tion, this atmospheric radiative divergence should impact

their representation of the energy partitioning.

Figure 5 emphasizes the relationship between long-wave

divergence, taken between 1.3 and 20 m, and surface energy

balance closure (Rn −G−H − 𝜆E). Rn is the net radiation
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FIGURE 4 (a) Ten-minute time series of observed long-wave radiative heating between 1.3 m and 20 m, (b) 30 min time series of sensible heat flux, and (c)

specific humidity. Black line in (a) represents a 3-hourly moving average of long-wave radiative heating

evaluated at 1.3 m, H and 𝜆E the sensible and latent heat flux

respectively all evaluated at 3.4 m and G the surface ground

heat flux. We emphasize that the net long-wave divergence

computed between 1.3 and 10 m is a conservative estimate of

the divergence between the surface and 1.3 m, where net radi-

ation Rn is measured, since the long-wave divergence between

the surface and 1.3 m is expected to be larger than above, as

the scalar gradients are larger near the surface. In clear sky

conditions, there is a positive correlation between the sur-

face energy budget imbalance, Rn −G−H − 𝜆E, and −ΔLnet

(radiative heating) (Figure 5a), which suggests that long-wave

radiation may explain the surface energy imbalance. In foggy

situations, defined as periods with relative humidity greater

than 95%, the surface energy budget imbalance is mostly

uncorrelated with net long-wave divergence and also with

net short-wave radiation (R2 = 0.003, not shown). Radiative

heating, −ΔLnet, is more closely related to the surface bud-

get imbalance during daytime hours (R2 = 0.14), compared

to night-time (R2 ∼ 0.0), which is nearly uncorrelated with

radiative divergence, Figure 5. Indeed, at night, weak tur-

bulence generally leads to important surface energy budget

closure errors (Wilson et al., 2002), as small-scale and spo-

radic turbulence is not entirely observed by eddy-covariance

systems (Fisher et al., 2007), and also because the initial sub-

range spectra and cospectra, of water vapour in particular, are

incorrectly estimated (Mamadou et al., 2016).

The lack of surface energy budget closure could also

be due to vegetation heat storage. To test whether this

effect could dominate the radiative divergence term

R
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FIGURE 5 Relationship between long-wave radiative heating −ΔLnet

between 1.3 and 10 m and surface balance imbalance, (a) in non-foggy, and

(b) foggy conditions. The data is binned by relative humidity of the

atmosphere (blue to red colour bar) [Colour figure can be viewed at

wileyonlinelibrary.com]

we evaluated the relationship between the temporal

derivative of near-surface (10 cm high) air temperature,

Supporting Information Figure S1, across four different

seasons: winter (December–January–February), spring

(March–April–May), summer (June–July–August) and

autumn (September–October–November). We did not find

http://wileyonlinelibrary.com
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FIGURE 6 Time series (a) third moment of air temperature, (b) friction velocity, (c) N* a dimensionless number assessing the relative importance of

radiative versus turbulent dissipation of turbulent potential energy (TPE), and (d) the probability distribution function (pdf) of N* based on 0.01 bins – blue

histogram, and its cumulative distribution function – black line [Colour figure can be viewed at wileyonlinelibrary.com]

any correlation between storage and the lack of surface

energy budget closure, across the four different seasons: Sup-

porting Information Figure S2 (R2 < 0.06 across seasons).

This further suggests that radiative divergence is a stronger

contributor to the lack of surface energy budget closure than

heat storage, at least at our grass site.

Based on the previous analyses it is clear that the impact

of the long-wave flux on the heat budget could be important.

However, radiation not only affects the energy (temperature)

budget but may also act on the turbulent potential energy

(TPE) and especially on its spectrum, as it may affect the

dissipation rate of TPE (Townsend, 1958; Brutsaert, 1972;

Andre et al., 1978; Dias and Brutsaert, 1998), which in turn

feeds into the turbulent kinetic energy (TKE) (Mauritsen

et al., 2007). To investigate this issue, we now turn to the

temperature variance budget.

3.2 Turbulent potential energy

The potential temperature variance budget under horizontal

homogeneity and with negligible advection is:

𝜕𝜃′2

𝜕t
= −2w′𝜃′

𝜕𝜃

𝜕z
− 𝜕w′𝜃′2

𝜕z
− 𝜖𝜃,𝜃 − 𝜖R, (1)

where the overbar denotes Reynolds’ average, primes denote

the turbulent anomalies, w′𝜃′ the turbulent vertical flux of

potential temperature 𝜃, w′𝜃′2 the turbulent vertical flux

of 𝜃′2, ∈𝜃, 𝜃 the molecular dissipation and 𝜖R the radiative

dissipation of 𝜃′2. The radiative dissipation terms is often

represented as a fraction of the potential temperature vari-

ance, assuming local radiative dissipation closure: 𝜖R = 𝛽𝜃′2

(Townsend, 1958; Brutsaert, 1972; Andre et al., 1978; Dias

and Brutsaert, 1998).

In Fourier space, assuming homogenous and isotropic tur-

bulence and planar homogeneity, Equation (1) becomes:

𝜕E𝜃,𝜃

𝜕t
= −2Ew,𝜃 − T𝜃,𝜃

𝜕𝜃

𝜕z
− v𝜃k2E𝜃,𝜃 − ER, (2)

with E𝜃,𝜃 the temperature variance spectrum, Ew,𝜃 the ver-

tical velocity and temperature variance cross-spectrum, T𝜃,𝜃

the temperature variance transfer term, v𝜃 the thermal molec-

ular diffusion rate, k the wave number and ER the radiative

dissipation rate. A typical closure for the dissipation rate is

ER =N(k)E𝜃,𝜃 (Brutsaert, 1972; Andre et al., 1978; Coantic

and Simonin, 1984; Dias and Brutsaert, 1998) with N(k) the

spectral radiative dissipation function.

In the non-foggy surface layer, the ratio of the radiative dis-

sipation to the molecular one (𝜀R/𝜀𝜃,𝜃) can be assessed using

http://wileyonlinelibrary.com
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a dimensionless parameter, N∗ = 16𝜎T
3
∕(𝜌0CPu∗) (Dias

and Brutsaert, 1998). 𝜎 is Stefan–Boltzmann’s constant, CP
the dry air specific heat and u* the surface friction veloc-

ity. In our observations N* ranges from 0 to 0.3, with most

of the values centred around 0.05, and 98% of the values

being below 0.2 (Figure 6) including foggy conditions. The

T
3

changes (Figure 6) only account for up to 25% of the

variability of N* and most of the N* variability is related to

variations in the friction velocity. Values of N* larger than

0.2 correspond to regimes under which the effect of radia-

tive dissipation on the TPE spectrum could be important

(Brutsaert, 1972; Andre et al., 1978; Coantic and Simonin,

1984; Dias and Brutsaert, 1998). Those higher N* values

are rare (2% of the time) and only observed in conditions

of very weak surface wind, and friction velocity, as high-

lighted by the cumulative distribution function (Figure 6). It

is indeed expected that radiative dissipation could be prepon-

derant in still-air conditions, when turbulence is weak. These

results corroborate previous theoretical analysis (Coantic and

Simonin, 1984; Dias and Brutsaert, 1998 ; Dias, 2013), which

emphasized that N* should be small on Earth and corre-

spondingly that the effect of radiative dissipation should be

rarely observable on Earth, yet could be higher on other plan-

ets. If we had access to higher-resolution measurements we

could define a more accurate measure of the relative effi-

ciency of radiative to molecular dissipation but unfortunately

the recorded radiation data was only available at 10 min

resolution.

Under homogenous, near-steady conditions, N* could

potentially be described by Monin–Obukhov Similarity The-

ory (MOST) scaling. We thus evaluate the relationship

between N* and the stability parameter z/L, with L the

Obukhov length (Figure 7a). As expected with the depen-

dence of N* on u*, there is a strong correlation between

N* and the stability z/L, even if some spread is observed.

Lowest values are observed in neutral conditions (z/L
∼ 0), as would be expected, with N* values scattered

around 0.03.

N* evaluates the relative efficiency of radiative dissipa-

tion compared to the molecular one on the temperature

variance budget but radiation also affects the temperature

budget. We therefore define a radiative length-scale Lred =
𝜌Cpw′𝜃′∕(−𝜕Lnet∕𝜕z) to evaluate the distance of influence of

radiative heating/cooling compared to that of sensible heat

flux. Figure 7 shows the 2D histogram of z/Lred and N*, as

a way to relate the impact of the radiation divergence on

the mean temperature budget and on the temperature vari-

ance. As the radiative flux divergence drives both processes,

some correlation could be expected. Opposite to this expecta-

tion, the magnitude of the normalized flux divergence z/Lred

and relative radiative dissipation N* are almost uncorrelated

(Figure 7b), emphasizing that radiation acts nearly indepen-

dently on the temperature mean and variance. In addition, the

stability z/L is relatively uncorrelated with z/Lrad (Figure 7c).
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FIGURE 7 (a) 2D density plot of N* and stability z/L, (b) density plot of

N* and z/Lrad, and (c) density plot of z/Lrad and z/L [Colour figure can be

viewed at wileyonlinelibrary.com]

This emphasizes that the relative rate of radiative heating

is not directly linked to the stability of the atmosphere, and

other factors are influencing the radiative heating rate, as we

elaborate below.

Radiative dissipation can be related to thermal molecular

dissipation rate as ER(k)=N(k)E𝜃, 𝜃(k) (Dias and Brutsaert,

1998; Dias, 2013). Radiation dissipation acts on smaller

wave numbers (larger eddies) because of the non-local

nature of radiative transport. Schertzer and Simonin (1981)

observed an inertial–radiative range characterized by a slope

steeper than −3 but pointed out that this behaviour might

be unlikely on Earth. Dias and Brutsaert (1998) emphasized

three regimes of radiation-induced spectrum: (a) at very small

k, where the continuum absorption is dominant, N(k)∼ k2, (b)

over a wide intermediate range of k values, in the so-called

strong-line region, N(k)∼ k and (c) at high wave numbers k
in the weak-line region, N(k) → N∞ = N∗𝜌v𝛽p with 𝛽p the

Planck coefficient and 𝜌v the mean water vapour density.

A spectral analysis is performed on the turbulent time series

of temperature over 30 min periods using a linear de-trending

of the data (Figure 8). In our observations at Wageningen,

high (>0.2) N* values are mostly observed at very high and

very low z/L. For those stabilities, the range of observed

slopes of the temperature variance STT spectrum in the inertial

subrange is close to −5/3, given by the Corrsin–Obukhov

scaling for scalar variance in homogenous, isotropic turbu-

lence (Kolmogorov, 1941; 1961; Kaimal et al., 1976) for all

N* conditions (Figure 8). Binning turbulence spectra between

low N* (<0.025) and high N* (>0.2) does not demonstrate

any change in the temperature variance spectrum STT slope
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z/L < 0.2 0.05< z/L < 0.1

–0.1< z/L < –0.02 –0.5 < z/L < –0.1 –1 < z/L < –0.5 –5 < z/L < –1

0.02< z/L < 0.005 –0.02< z/L < 0.02

FIGURE 8 Average normalized temperature power spectra binned across varying stability conditions and N* values. Low N* (<0.2) values are depicted in

green and high N* (>0.2) are plotted in red [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 8), which would have been indicative of changes in

the decay rate though radiation dissipation (Dias and Brut-

saert, 1998). In the entire dataset there are no slopes smaller

than −3, the minimum reported value of radiative-driven

inertial subrange (not shown). This further indicates that the

radiative effect on the inertial subrange is small, as expected

in previous theoretical studies (Brutsaert, 1972; Andre et al.,
1978; Coantic and Simonin, 1984; Dias and Brutsaert, 1998;

Dias, 2013).

In conclusion, the temperature variation spectrum seems

unaffected by radiative dissipation. It is likely that the typi-

cal values of N* observed at our site are simply too small to

observe a radiative inertia subrange, which has been observed

in neutral conditions with N* > 4.4 for midlatitudes (Dias

and Brutsaert, 1998). Possibly N* may not be the most

appropriate scaling variable for radiative dissipation com-

pared to the molecular one. Indeed the T
3

factor in N*

may not be the best scaling of the influence of the radia-

tive divergence effect, as radiation might also relate to the

curvature of the temperature profile and to trace gases (Steen-

eveld et al., 2010). We nonetheless tried other scaling (such

as ones including curvature – not shown), and we could not

find regimes in which radiative dissipation would dominate

molecular ones. Observation of radiation data at higher tem-

poral resolution, in regions with high temperature and humid-

ity (e.g. tropical) – in which we expect radiation effects to be

more important – could help observe regimes in which the

effects of radiative dissipation might be more important on

the temperature spectrum.

4 COUPLING BETWEEN TURBULENCE
AND RADIATION DIVERGENCE

4.1 Monin–Obukhov similarity theory and radiation

In a near-steady state, horizontally homogeneous sur-

face layer, Monin–Obukhov Similarity Theory defines the

dimensionless relationship between the temperature vertical

gradient and stability. Using the Buckingham Pi theorem,

neglecting the effect of moisture on buoyancy, the flow is

characterized by m= 4 variables: potential temperature gradi-

ent d𝜃∕𝑑𝑧, buoyancy flux B = (g∕𝜃)w′𝜃′, friction velocity u*

and vertical height z for n= 3 dimensions: time, temperature
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and length. There are thus m−n= 1 independent dimen-

sionless quantities, functionally related. The Buckingham

Pi theorem then predicts that the dimensionless potential

temperature gradient is a function of a single (m−n= 1)

non-dimensionless variable, z/L:

−𝐾𝑧𝑢∗

w′𝜃′
𝜕𝜃

𝜕z
= 𝜙h

( z
L

)
, (3)

with L = −u3
∗𝜃∕(𝑘𝑔w′𝜃′), g gravity and K von Kar-

man’s constant (a value of 0.4 is used here (Högström,

1996)).

MOST does not include the effect of radiation divergence.

It also implicitly assumes that the surface layer is a constant

flux layer so that the scaling is applicable over the entire sur-

face layer. Local scaling variations have been proposed as

important, especially in the stable boundary layer (Holtslag

and Nieuwstadt, 1986; Mahrt, 1999).

Based on the results of our previous section, we assume

that radiative dissipation is negligible compared to TKE

and thermal molecular dissipation and we only consider the

effect of long-wave radiation divergence on the mean poten-

tial temperature budget. In the presence of long-wave diver-

gence, neglecting short-wave divergence effects (section 3),

we now have m= 5 parameters: potential temperature gra-

dient d𝜃∕𝑑𝑧, buoyancy flux B, friction velocity u*, vertical

height z and heating tendency due to upward long-wave

radiation divergence in the surface layer ΔLnet∕(𝜌Cp). The

number of dimensions n has not changed when applying

the Buckingham Pi theory. This means that the flow should

be characterized by two (dimensionless) variables: z/L and

another variable related to radiation. We use z/Lrad as our

second variable. The temperature gradient may then be

expressed as:

−𝐾𝑧𝑢∗

w′𝜃′
𝜕𝜃

𝜕z
= 𝜙h

(
z
L
,

z
Lrad

)
. (4)

We note that given the vertical variability of the radiation

heating rate, Lrad should be locally defined. This extension

assumes that L and Lrad are independent. To test whether

this assumption was reasonable, we evaluated the coupling

between the two length-scales, L and Lrad, using for Lrad

the value computed between 1.3 and 10 m, and assuming a

vertically uniform sensible flux. Even though radiation diver-

gence between 1.3 and 10 m differs from the one computed

at the eddy covariance height (3.4 m) this is providing a rea-

sonable first-order estimate of Lrad. There is some relative

decoupling between the two length-scales (Figure 7c) so that

the new length-scale Lrad is deemed appropriate. Given that

we only have access to three vertical temperature levels, it

is difficult to accurately evaluate the temperature gradient in

Equation (4), and future work should try using many more

vertical levels.

We nonetheless try to evaluate the role of the radia-

tive cooling term on the integrated temperature gradient

by determining its impact on the normalized temperature

FIGURE 9 Normalized air temperature gradient as a function of stability,

z/L; markers are coloured by the magnitude of z/Lrad. Regimes of high z/Lrad

display the strongest scatter compared to the z/L dependence [Colour figure

can be viewed at wileyonlinelibrary.com]

gradient, K T0.1m−T1.5m

T∗
computed between 0.1 and 1.5 m,

stratified by z/L values (Figure 9). We note that the sensor

temperatures were unbiased in neutral conditions. In the

absence of strong radiative cooling/heating (z/Lrad ∼ 0), the

normalized temperature gradient follows the expected heat

stability correction, increasing with stability z/L. The data

exhibits relatively reduced scatter. Changes in z/Lrad however

strongly affect the normalized temperature gradient, espe-

cially in near-neutral conditions. As hypothesized, radiative

cooling typically decreases the temperature gradient, and

warming increases the temperature gradients. Large z/Lrad

values (in absolute terms) generate large departure from

MOST scaling of the temperature gradient. These results

indicate that the radiative divergence in the surface layer

affects the temperature gradient scaling and point to potential

failure of MOST, or at least to incomplete characterization

by MOST.

As both radiation divergence and sensible heat flux act on

the temperature profile and vice versa, the interaction between

radiation and convective processes defines the steady state of

the atmosphere (Manabe and Strickler, 1964). Therefore, in

what follows we further investigate the relationship between

sensible heat flux, the atmospheric profiles and long-wave

net flux divergence. We first try to understand how sensible

heating and radiation can be related. We thus start with a the-

oretical analysis of radiative divergence in the surface layer.

In the presence of radiative divergence, the conservation of

potential temperature in a horizontally homogeneous surface

layer reads:

𝜕𝜃

𝜕t
= − 𝜕

𝜕z

(
w′𝜃′ + 𝑅𝑎𝑑

𝜌Cp

)
, (5)

with Rad the radiative flux. In a quasi-steady situation this

implies that the divergence of the sum of sensible and radia-

tive flux is constant in the surface layer (using a upward
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positive convention for both turbulent and radiative fluxes).

In the surface layer this variation with height is typically

assumed to be small, i.e. we assume a constant flux layer, so

that:

𝜌Cpw′𝜃′ + 𝑅𝑎𝑑 = constant. (6)

The surface layer is also a region of near-constant momen-

tum flux with height, so that we will further assume that u*
is constant. We can then define a locally varying temperature

scaling, 𝜃∗(z) = w′𝜃′(z)∕u∗, which varies with sensible heat

flux vertical variations (and is defined as positive in stable

conditions). Further neglecting radiative exchanges within the

atmosphere, in a cloud-free atmosphere, we approximate the

net long-wave radiation divergence, and thus the total radia-

tive flux divergence, as the upward radiation divergence (as

we neglect downward flux divergence, see next section). We

thus focus only on upward long-wave radiation:

L↑ ≈ 𝜀s𝜋𝐵(Ts) − 𝜀(0 → z)(𝜀s𝜋𝐵(Ts) − 𝜋𝐵(T)), (7)

with B the long-wave blackbody radiation, 𝜀 the mean atmo-

spheric emissivity, Ts the surface temperature and 𝜀s the

surface emissivity. Combining Equations (6) and (7), evalu-

ated at level z and at the surface z= 0 and assuming that the

surface emissivity is close to 1 so that reflected atmospheric

radiation can be neglected:

𝜌Cpu∗𝜃∗(z) + 𝜋𝐵(Ts) − 𝜀(0 → z)(𝜋𝐵(Ts) − 𝜋𝐵(T))
= 𝜌Cpu∗𝜃∗(0) + 𝜋𝐵(Ts). (8)

We can decompose the difference in radiation, neglect-

ing the impact of surface emissivity (i.e. assuming𝜀s is close

to 1), as: B(Ts)−B(T)= [B(Ts)−B(T(z= 0))]+ [B(T(z= 0))

−B(T)] so that the difference between Ts and T is apparent.

Further linearizing the blackbody emission we obtain:

B(Ts) − B(T) = 𝑑𝐵

𝑑𝑇 ∣ T(z=0)
(Ts − T(z = 0))
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

≡ΔT

+ 𝑑𝐵

𝑑𝑇 ∣ T
(T(z = 0) − T). (9)

The right-hand side of Equation (9) can be related

to the integral of the similarity function (if one still

assumes validity of MOST): T(z = 0) − T =
𝜃∗(0)

K

(
ln
(

z
z0

)
− Ψh(z∕L) + Ψh(z0∕L)

)
with Ψh the integral of

the heat similarity function. We can first rewrite Equation (9):

B(Ts) − B(T) = 𝑑𝐵

𝑑𝑇 ∣T(z=0)
ΔT + 𝑑𝐵

𝑑𝑇 ∣ T

𝜃∗(0)
K

×
(

ln

(
z
z0

)
− Ψh(z∕L) + Ψh(z0∕L)

)
, (10)

and then finally rewrite Equation (10) as:

𝜌Cpu∗𝜃∗(z) = 𝜌Cpu∗𝜃∗(0)
(

1 + 𝜀(0 → z)𝜋
𝜌Cpu∗

𝑑𝐵

𝑑𝑇 ∣ T

×
(

1

K

(
ln

(
z
z0

)
− Ψh(z∕L) + Ψh(z0∕L)

)))
+𝑑𝐵

𝑑𝑇 ∣T(z=0)
ΔT . (11)

Equation (11) emphasizes how the vertical variations in

sensible heating are related to blackbody emission but also

to the profile itself. It also highlights the importance of the

difference between the surface skin temperature and air tem-

perature, ΔT . At our site, which is humid and almost never

reaches very hot temperatures, sensible heating remains small

and so does ΔT but this term could be large in dry and hot

semi-arid or arid regions as well as in polar regions. If we thus

further neglect ΔT , at our site, we then get

𝜌Cpu∗𝜃∗(z) = 𝜌Cpu∗𝜃∗(0)

⎛⎜⎜⎜⎜⎜⎝
1 + 1

𝜌Cpu∗
𝜀(0 → z)𝜋 𝑑𝐵

𝑑𝑇 ∣ T

(
1

K

(
ln

(
z

z0,h

)
− Ψh(z∕L) + Ψh(z0,h∕L)

))
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

ΔL↑

⎞⎟⎟⎟⎟⎟⎠
, (12)

which emphasizes the tight relationship between radiation

divergence and sensible heating. This can be rewritten using

the derivative of the blackbody emission: 𝜋
𝑑𝐵

𝑑𝑇 ∣ T
= 4𝜎T3.

In a near-neutral case, assuming a roughness length for

momentum z0, m of 0.01 m and heat z0, h of 0.001 m for grass

of height 0.1 m, and for a 1 m/s wind speed, gives sensible

heat flux vertical variations due to radiative divergence of the

order of 130% between 0.1 and 3.4 m (the height at which

we were performing turbulent flux observations). Stable strat-

ifications generate negative integral similarity function Ψh
so that the relative effect of radiation divergence will be

increased compared to the neutral case. We thus further evalu-

ate the dependence between radiation divergence and sensible

heating in the next section.

4.2 Relationship between radiation divergence
and surface sensible heat flux

To understand the coupling between radiation and turbu-

lence, we investigate the relationship between long-wave radi-

ation divergence and sensible heat flux. There is a strong

(negative) correlation between long-wave net radiation flux

divergence and surface sensible heat flux in non-foggy con-

ditions (defined as relative humidity below 90%), as seen

in Figure 10. This could be expected as sensible heat flux

is directly coupled to the surface-layer temperature profile,

which in turn acts back on the long-wave radiation divergence
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FIGURE 10 Dependence of long-wave radiative cooling ΔLnet on sensible

heat flux in (a) non-foggy, and (b) foggy conditions defined as relative

humidity above 90%. Buoyancy effects of water vapour lead to non-zero

cut-off between stable and unstable conditions in terms of sensible heat flux

[Colour figure can be viewed at wileyonlinelibrary.com]

and indirectly on the humidity profile through the surface

energy budget partitioning and related changes in Bowen

ratio and latent heat flux, with the latter impacting the spe-

cific humidity profile. In turn, radiation directly impacts the

stability of the profile (Manabe and Strickler, 1964), so it

also modifies the surface turbulent fluxes though changes in

stability.

In foggy conditions, the relationship between sensible heat

flux and long-wave divergence weakens (Figure 10, bottom).

As the long-wave divergence depends on the cloud thickness,

relative humidity level and aerosols among other factors, the

sensible heat flux is not the main influence on the tempera-

ture (and humidity) profile and therefore on the net long-wave

divergence.

To further comprehend the relationship between radiation

divergence and surface sensible heat flux, we decompose

the net radiation into the upward and downward compo-

nents (Figure 11). The upward radiation relates to the surface

conditions whereas downward radiation reflects mostly the

atmospheric state. As expected, the upward long-wave diver-

gence ΔL↓ correlates with sensible heat flux across stability

conditions (R2 = 0.2), even if some departure is observed in

strongly stable conditions (z/L> 0.5). This decorrelation in

stable conditions is not surprising as small or intermittent tur-

bulence does not act as efficiently on the temperature profile,

leading to near decorrelation between long-wave divergence

and turbulence (Van de Wiel et al., 2002a; 2002b; Holtslag

et al., 2007). Because of this decorrelation in the strongly

stable boundary layer and since radiation divergence is an

important term in the boundary-layer heat budget, this calls

for accurate representation of long-wave divergence in very

stable boundary layers, which is nonetheless typically over-

looked compared to turbulent fluxes.
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FIGURE 11 Long-wave (a) upward and (b) downward divergence, as a

function of surface sensible heat flux in non-foggy conditions, defined as

relative humidity less than 90%. Buoyancy effects of water vapour lead to

non-zero cut-off between stable and unstable conditions in terms of sensible

heat flux [Colour figure can be viewed at wileyonlinelibrary.com]

To further reduce the observed spread we normalize the

upward and downward radiative flux by the absolute 1.3 m

long-wave fluxes. In other words, we normalize the radia-

tive divergence by the absolute radiation value, as the lat-

ter reflects diverse weather conditions as well as changes

in surface emissivity and infrared temperature. Normalizing

indeed reduces the spread for both the upward and downward

divergence fluxes (Figure 12), especially for the downward

radiation, which is strongly influenced by diverse weather

conditions. The linear relationships (provided in Figure 13)

could represent a simple alternative to representing radiative

divergence in surface models without explicitly resolving an

expensive high-vertical-resolution radiative transfer.

Holtslag and De Bruin (1988) showed that a relevant

parameter to represent the coupled land-surface and stable

boundary layer is 𝜃*/u*. We thus further test this parameter in

lieu of the sensible heat flux (Figure 13). Indeed using 𝜃*/u*

improves the upward divergence relationship, especially in

the strongly stable boundary layer, where 𝜃*/u* is the relevant

scaling. The dependence of ΔL↓/L↓ on 𝜃*/u* is relatively tight

across values, being nearly linear below 𝜃*/u* ≈ 1 and then

plateauing. Nonetheless, using 𝜃*/u* does not improve the rel-

ative downward flux divergence ΔL↓/L↓ and actually worsens

the correlation compared to sensible heat flux.

Overall these results emphasize that in non-foggy condi-

tions sensible heat flux and long-wave divergence are not

independent variables but are coupled so that an extended

MOST, including radiation divergence Equation 4, could be

reduced to a simpler form similar to the regular MOST3,

in which the dimensional temperature vertical gradient

would be determined by the stability z/L only. In this

case the radiation divergence term would be implicit yet

we could expect some dependence based on the different
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FIGURE 12 Normalized (a) upward and (b) downward long-wave

divergence flux as a function of sensible heat flux H in non-foggy

conditions, binned by stability conditions: Unstable (z/L<−0.1), near

neutral (|z/L|< 0.1), weakly stable (0.5> z/L> 0.1) and strongly stable

(z/L> 0.5). Buoyancy effects of water vapour lead to non-zero cut-off

between stable and unstable conditions in terms of sensible heat flux

[Colour figure can be viewed at wileyonlinelibrary.com]

y = –0.0029 + 0.015x, R2 = 0.62
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y = 0.0088 + 0.0055x, R2 = 0.11

FIGURE 13 Normalized (a) upward and (b) downward long-wave

divergence as a function of 𝜃*/u* in non-foggy conditions (defined as

relative humidity less than 90%). Buoyancy effects of water vapour lead to

non-zero cut-off between stable and unstable conditions in terms of sensible

heat flux. Upward and downward radiation fluxes are taken as positive in

their respective direction. The divergence is computed as the difference

between the value at 1.3 m minus the value at 20 m [Colour figure can be

viewed at wileyonlinelibrary.com]

local conditions (atmospheric mean temperature and humid-

ity, surface emissivity). In foggy situations, both long-wave

divergence and sensible heat flux are needed to correctly

describe the temperature profile as they are decoupled. In

this case, the equation 4 still pertains because the radia-

tive length-scales become independent from the Obukhov

length. We thus suggest that future studies should perform

independent in situ high-vertical-resolution measurements of

radiative divergence fluxes and temperature gradient, along

with surface turbulent flux measurements. High-resolution

simulations and theoretical derivations will also help further

disentangle radiation effects on surface layer turbulence.

5 DISCUSSION

First, in land-surface models the air is assumed transparent

in the long wave between the surface and the level (typically

between 2 and 20 m) connected to the atmosphere (atmo-

spheric model or weather station forcing in off-line models),

so that there is no long-wave divergence. We have shown

that long-wave net divergence flux acts as a strong cool-

ing/heating term and is strongly coupled to surface sensible

heat flux. In addition, even if atmospheric models should

resolve the radiative flux divergence, they do not seem to

reproduce the observed values and strongly underestimate

the magnitude of the divergence, even when using high ver-

tical resolution in the boundary layer (∼20 m) (Steeneveld

et al., 2010). Possible reasons for this discrepancy includes:

(a) too coarse vertical resolution to correctly capture the

vertical gradients of temperature and trace gases, (b) incor-

rect model representation of those gradients, or (c) because

the temporal resolution of the radiation scheme might not

be sufficient to correctly represent the large-amplitude

diurnal cycle of long-wave radiation. Indeed the radiation

scheme is typically called in atmospheric models every

1–3 h because it is computationally expensive, generating

a lag-induced warm bias at night (Vilà-Guerau de Arellano

and Casso-Torralba, 2007). This could generate a systematic

bias in coupled land–atmosphere models, as observed over

continents (Clouds Above the United States and Errors at

the Surface (CAUSES: Cheruy et al., 2014; Van Weverberg

et al., 2015), especially if the connecting height between

the land-surface model and the atmosphere is high, i.e. 10 m

or so above the surface, as we have shown that divergence

below 10 m was strong.

We encourage future field observations to resolve this issue.

Also, the strong correlation in non-foggy conditions between

surface sensible heat flux, long-wave divergence and tempera-

ture gradient emphasizes that to correctly derive surface layer

similarity relationships, we need independent measurements

of radiation divergence, surface turbulent flux and temper-

ature gradient. Such data are unfortunately not available at

present and might have polluted flux-gradient relationships;

indeed, current relationships might implicitly represent some

of the long-wave radiation divergence depending on the mea-

surement heights used during the observation. This is an

important issue that requires further attention.

6 CONCLUSIONS

We have investigated the coupling of radiation divergence

with turbulence in the atmospheric surface layer using

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


2504 GENTINE ET AL.

long-term observations at the Wageningen observatory, the

Netherlands. The net radiation divergence appears to be a

substantial term in the near-surface layer, not only at night

but throughout the course of the day. The long-wave diver-

gence term is the dominant term of the radiation divergence

in the surface layer and is mostly present in the lower 10 m

of the surface layer. Daily-mean values of temperature ten-

dencies induced by long-wave radiation divergence of −10 to

−20 K/day are typical.

Spectral analysis shows that it is challenging to identify the

effect of long-wave radiation on the turbulent potential energy

(TPE) dissipation and that it overall appears to have negligible

impact on the temperature spectrum, at least in the condi-

tions observed near Wageningen. Further high-resolution data

acquisition of long-wave radiation at multiple levels would

certainly help better constrain the magnitude of the radiation

dissipation term.

We showed that sensible heat flux and long-wave diver-

gence are strongly coupled, through changes in the surface

layer profiles. Long-wave upward and downward divergence

fluxes normalized by the absolute flux are correlated with

sensible heat flux, so that a simple linear regression of

ΔL↑/L↑ and ΔL↓/L↓ with surface sensible heat flux pro-

vides reasonable estimate of the directional components of

the net divergence flux and its coupling to sensible heat-

ing. The advantage of the normalization by the magni-

tude of the flux is that it allows deriving a parametrization

that is neither dependent on surface conditions (encapsu-

lated in L↓) nor atmospheric conditions (encapsulated in

L↓). This parametrization is sufficiently simple to be imple-

mented in land-surface or weather/climate models, which

typically assume that the air is transparent in the long-wave

spectrum.

The present study raises several questions that could unfor-

tunately not be answered with the present dataset. First, we

may wonder whether previously derived flux-gradient rela-

tionships (e.g. Businger et al., 1971; Beljaars and Holtslag,

1991) already implicitly accounted for radiation divergence;

indeed, those observations used observed temperature pro-

file gradients in the surface layer, which certainly included

the effect of radiation. Nonetheless, radiation divergence was

not measured independently of the surface heat fluxes so that

the derived relationship might include it implicitly (Garratt

and Brost, 1981). The implicit inclusion of radiation could

be an additional explanation of the different similarity rela-

tionship between temperature and other scalars, especially

under strongly stratified regimes, in addition to different tur-

bulent effects in active and passive scalars (Li and Bou-Zeid,

2011).

A question is whether Monin–Obukhov Similarity The-

ory (MOST) should be modified to include radiative effects.

A major issue is that different heights have been used to

derive the temperature gradients depending on the observa-

tional campaign and in general are located within the region

impacted by strong long-wave divergence. Measurements

above the region of large radiation divergence should have

been added to understand the behaviour of the profile in the

absence of radiation (Garratt and Brost, 1981). This calls for

multiple height measurements of both radiation and temper-

ature along with surface turbulent fluxes to independently

estimate the contributions of sensible and radiation flux to

the temperature profile. This also emphasizes that an addi-

tional layer, the radiative layer in which radiative divergence

is large, should be included when considering similarity

theories.

In a landmark paper, Manabe and Strickler (1964) empha-

sized that both radiation and turbulent fluxes acted in concert

and interactively to explain the temperature lapse rate of the

atmosphere. Such a perspective on the surface and bound-

ary layer has been somewhat limited to a few modelling and

observational studies and should be evaluated more widely

and in more detail through systematic observations. Such an

understanding of the differential role of radiation and surface

fluxes would be especially key in tropical and polar regions

for accurate prediction of changes of the turbulent and radi-

ation fluxes and their implications on changes in the surface

temperature under global warming.
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