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The significance of detailed structure in the boundary layer
to thermal radiation at the surface in climate models
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Abstract. This study used a mid-latitude measure-
ment of diurnal variations in the boundary layer to sim-
ulate thermal radiation for a clear sky. The emissivity
growth method was used for the absorption by the five
major greenhouse gases averaged over 10 cm™! from
line by line calculations. The vertical resolution of the
model was 0.6 mb at the ground surface, and gradually
increases to 100 mb in the middle troposphere. The im-
portance to the calculated surface and outgoing infrared
radiation due to detailed boundary layer structure and
diurnal variations is demonstrated. Thus there is a need
to carefully consider the near surface atmosphere in con-
struction of radiation models for use in climate studies.

Introduction

It has long been recognized that the lowest 200-300
meters of the atmosphere is very important to the sur-
face energy balance. Temperatures and water vapor
mixing ratios change rapidly with height and time in
this layer. The daily variation of surface air temper-
ature ranges from less than 0.5 K to greater than 50
K and depends on the radiation energy budget, sur-
face moisture and texture, and weather conditions. The
daily variation is smaller than 0.5 K for an open deep
sea, but greater than 2 K for shallow water. For moist
soil, the daily variation is about 5-10 K, but for dry
sand it might be greater than 50 K. Vegetation can have
an appreciable effect on surface air temperature but is
not included in this analysis.

Most current climate modeling places little emphasis
on the thermal radiation with vertical resolution less
than 10 millibar. A typical thickness in climate models
is, for example, in the NCAR CCMO0 or CCM1, about 20
millibars, i.e., about 160 meters in the lowest layer [Fels,
1991]. While there have been a few studies that include
the question of the vertical resolution of the atmosphere
in radiation calculations [Morcrette and Fouquart, 1985;
Tjemkes et al, 1990, Ellingson et al, 1991; Feigelson et
al, 1991; Fels et al, 1991], the importance of the bound-
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ary layer to radiation modeling for surface energy bud-
get is getting more and more attention. The questions
addressed in this paper are, “ How much error is gen-
erated in the downward infrared flux at the surface by
not taking into account the detailed structure in the
boundary layer of temperature and greenhouse gases
and not including the diurnal variation? Is it adequate
to use constant lapse rate profiles of temperature and/or
greenhouse gases in the boundary layer to calculate the
radiation fluxes for daily or long term mean values?”

Diurnal Variations in the Boundary
Layer

There are relatively few detailed measurements of
boundary layer diurnal temperatures and water vapor
amounts. Among the more notable were O’Neill, Ne-
braska, USA, in 1953; and Hay, Australia, in 1967. Sig-
nificant efforts in experimental research were also re-
ported in Germany, Netherlands, and the former USSR.
The diurnal variation of temperature used in this study
was adopted from the measurements of Vorontsov made
in September, 1956 at the Makhtaly Settlement (in the
south of the former USSR) [Gol’tsberg, 1969], and lo-
cated at the boundary between the semidesert and de-
veloped irrigated lands of the Golodnaya Steppe (Lati-
tude 40.5° N, Longitude 68.5° E).

These measurements were chosen for several reasons.
First, they were made under conditions for which there
will be significant diurnal variations. The insolation
at Makhtaly in September was large, and solar radi-
ation produced a strong surface heating around early
afternoon. The sky was clear, the soil moisture and air
humidity were low, and the nocturnal cooling was inten-
sive. The surface temperature dropped 19.5 K, and a
temperature inversion of greater than 12 K with thick-
ness of about 500 meters developed by early morning.
Secondly, these measurements were made at levels up
to 300 meters every two hours, and they are a good rep-
resentation of daily variations in the boundary layer.

The profile above 900 millibars was assumed not to
change with time and was chosen to be identical with
the standard profile for 45 degree north latitude in sum-
mer. A slight adjustment was made to fit the profiles
smoothly. The temperature profiles used in the simula-
tion are shown in Figure 1.
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Figure 1. The 24 Hour Variation of Temperature in the
Boundary Layer. Numbers indicate time. “Average”
indicates the daily mean profile. “Constant” indicates
a constant lapse rate profile.

The air temperature at the ground surface was ex-
trapolated from the 2 meter height down to the sur-
face, and the ground surface temperature was assumed
the same as the air. The 24 hour variation of surface
temperature is shown in Figure 2. The highest surface
temperature occurred at 1500 hr, while the lowest oc-
curred at 0700 hr.

Since no direct measurements of humidity were avail-
able, a standard relative humidity for 45 degree north
latitude in summer was used to calculate the maximum
water vapor mixing ratio profile corresponding to the
maximum temperature profile at 1500 hr. In the cool-
ing phase (from 1500 hr to 0700 hr), water vapor mixing
ratio in a layer was assumed not to change if the tem-
perature in that layer was higher than the dewpoint
corresponding to the maximum mixing ratio. When
the temperature dropped below the dewpoint, the wa-
ter vapor mixing ratio in that layer was assumed to be
the saturation ratio at that temperature. It was also as-
sumed that condensation occurred only at the ground
surface and no fog formed in the air, because the exper-
iment reported a clear sky. In the heating phase (from
0700 hr to 1500 hr), the water vapor mixing ratio in a
layer would increase to conform to the standard relative
humidity profile for 45 degree north latitude in summer.
The 24 hour variation of the mixing ratio used in these
simulations is shown in Figure 3. At 1500 hr, the wa-
ter vapor mixing ratio at the surface had its maximum
of about 2.40 x 10* ppm; and at 0700 hr, a minimum
about 9.50 x 10® ppm.
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Figure 2. The 24 Hour Variation of the Surface Tem-
perature.
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Figure 3. The 24 Hour Variation of HO Mixing Ra-
tio in the Boundary Layer. Numbers indicate time
in hours. “Average” indicates the daily mean profile.
“Constant” refers to the profile calculated from the con-
stant temperature lapse rate profile (see Figure 1).

The constant lapse rate temperature profile is also
shown in Figure 1. The average profile has an inversion
near the surface with inversion magnitude of about 3.5
K, and with the highest daily average temperature at
about 300 meters (960 millibars). The constant lapse
rate profile has a surface temperature that differs by
6.0 K from the 24 hour mean value; the constant lapse
rate profile is closer to the daytime average than to the
daily average. Observations showed that even in sum-
mer, the period of surface net radiation heating in mid-
latitude is only about 8 hours per day. The longer cool-
ing phase and stronger surface radiation cooling cause
the daily averaged temperature profile to have an in-
version in the lower part of the boundary layer. The
constant lapse rate profile does not adequately reflect
the complicated clear sky air-land interaction, specifi-
cally, the characteristics of the nighttime profiles which
have an inversion produced by strong nocturnal radia-
tion cooling at the surface.

Parameterization of Thermal Radiation
Transfer

A high spectral and vertical resolution infrared radi-
ation transfer program was developed to simulate ther-
mal radiation transfer in the atmosphere with empha-
sis on the planetary boundary layer. The emissivity
growth method [Gordley et al., 1981; Weinreb, 1976]
was used to calculate transmittances along inhomoge-
neous atmospheric paths. This method offers a com-
bination of a fast and efficient algorithm, a high accu-
racy, and flexibility. The high accuracy is obtained by
calculating the atmospheric transmittance database us-
ing the line-by-line method. Because this method does
not require a priori scaling for pressure and tempera-
ture, the time consuming line-by-line computing needs
to be done only once to establish an atmospheric trans-
mittance database of fine band width, for example, 1
ecm™!. It is flexible and easy to meet different require-
ments of accuracy and speed of computing by changing
the width of bands and establishing a new database by
simple averaging.
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This research included all absorption lines in the HI-
TRANS86 database in the spectral region from 0 to
2800 cm™! of five major greenhouse gases: H,0, COs,
O3, N2O, and CH4. The overlap of absorption by dif-
ferent molecules is accounted for by multiplication of
their individual transmittances. Water vapor contin-
uum absorption was included; the broadening coeffi-
cient database calculated by Q. Ma (1991) was adopted.

The highest vertical resolution was near the surface
where the thickness of the lowest 5 layers was 0.6 mb
(about 5 meters). Above 3 mb and extending to 550
mb the thickness of each layer was 27% larger than the
layer below it. Above 550 mb the layer thickness was
100 mb.

The upward and downward thermal radiation fluxes
at level I, F1(l) and F!(l), are numerically calculated by
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where subscripts ¢, j, k are indexes of level (layer), slant
path, and wavenumber, respectively. The whole atmo-
sphere was divided into n — 1 layers, and the index of
the level is 0 at the top of the atmosphere, while it is
n at the surface; between level I and level | + 1 is layer
I. Av is the band width of the transmittance database
(10 cm~! in this application), B, Ti) is the Planck
function at wavenumber vy and layer average temper-
ature T;, & is the Gaussian abscissa or the cosine of
zenith angle, i1 ,(€;) is the transmittance between level
{ and n and along the inhomogeneous path in the &; di-
rection, €; 1(€§;) = 1 — 7;,1(§;) is the emissivity between
level i and [ along the inhomogeneous path in the §;
direction, and w; is the Gaussian quadrature weighting
function. T, is the temperature of the ground surface,
and the surface 1s assumed a black body, ¢, = 1.

Results

The calculated infrared fluxes are shown in Table
1. The outgoing flux is the outgoing longwave radia-
tion at the top of the atmosphere due to earth’s sur-
face and atmospheric emission, and calculated from
Eqn. (1) with [ = 0; the contribution of the sur-
face to the outgoing flux is given by the first term

Table 1. The Daily Variation of Infrared Fluxes

Infrared Flux (W m~—?)

Time Outgo Down

or Out- from Down- from Surface
Profile going  Surface welling 0.6 mb Net
07:00 279.51 38.59 361.26 94.92 19.78
11:00 290.71 48.92 399.14 132.32 59.76
15:00 297.09 51.41 428.23 157.98 68.89
19:00 291.50 45.89 408.85 145.11 51.03
23:00 284.53 40.45 382.91 113.51 29.16
03:00 280.77 38.68 367.64 99.32 20.57
Mean 287.62 44.31 392.05 124.17 42.95
Mean T&H  287.37 44.19 390.46 123.87 43.13
Mean T 287.14 48.61 385.33 116.47 48.27
Constant 292.60 52.04 404.80 138.91 64.99
GENESIS 291.13 46.33 394.91 53.35

in Eqn. (1) with [ = 0; the down-welling flux is by
Eqn. (4) with ! = n; and the contribution to the down-
ward surface radiation from the lowest layer (0.6 mb) is
2 Av Y ) Y01 Bk, Taci)en—1,n(€;)éjw;. The sur-
face net thermal radiation is FT(n) — F!(n).

The first 6 rows in Table 1 are the simulated fluxes for
profiles at four hour intervals. “Mean T&H” refers to
the fluxes calculated from the 24 hour average temper-
ature and water vapor mixing ratio profiles. “Mean T”
represents results for the 24 hour average temperature
profile but the water vapor mixing ratio profile is gener-
ated from the average temperature profile and standard
relative humidity for mid-latitude summer. “Constant”
indicates the simulated fluxes for the constant lapse rate
temperature profile which was used along with the stan-
dard relative humidity for midlatitude summer to gen-
erate the calculated water vapor mixing profile. “GEN-
ESIS” shows the simulated daily mean values using the
GENESIS model grid spacing.

Simulations showed that about 30% of the down-
welling longwave flux reaching the surface is emitted by
the lowest 0.6 millibar, that is, about 5 meters (Table
1, column 5); and about 50% of the down-welling flux
is emitted by the lowest 3 millibars (25 meters). Thus
the lowest few millibars are very important to the sur-
face thermal radiation energy budget, especially when
the actual profile is different from a constant lapse rate
profile. In such a thin layer, its temperature is closely
coupled to surface temperature.

For this particular case (Figure 4), the average mag-
nitude of the down-welling flux reaching the surface is
392 Wm~2, and the daily variation is 67 W m~2, which
is much greater than the magnitude of the daily vari-
ation of outgoing flux (17.6 Wm™2) (Table 1). The
contribution from the lowest 0.6 millibars to the daily
variation of the down-welling flux is similar to the daily
variation for the total down welling flux. The contribu-
tion to the daily variation from the lowest 0.6 mb is 63
Wm™2, or 94% of the total, which again demonstrates
the importance of the near-surface air layer. Note that
the diurnal variation from the lowest 3 millibars, 85
Wm™2 is larger than the total variation of the down-
welling flux. The bottom layers become warmer and
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Figure 4. The 24 Hour Variation of the Down-Welling
and Outgoing Thermal Infrared Fluxes

moister during the day, and their contribution becomes
larger because there is less radiation from above reach-
ing the surface. The opposite is true at night when the
bottom layers become cool and contain less water vapor
and more radiation from above can reach the surface.

Because the constant lapse rate profile overestimates
temperatures and water vapor mixing ratios in the low-
est atmosphere, the down-welling flux is overestimated
by 12.8 Wm~2 (Table 1), that is, about 3%, and over-
estimates the contribution from the lowest 0.6 millibars
by 14.7 Wm™2, or, about 11%. The constant lapse
rate profile also introduces a large error in the sur-
face net radiation. The surface temperature is overesti-
mated and hence the surface thermal radiation emis-
sion and the surface net radiation energy loss. The
daily mean value is 43 Wm™2, while that calculated
from the constant lapse rate profile is 65 Wm™2, with
a relative error of more than 50% and an absolute er-
ror of 22 Wm~2, which is equivalent to a change in
surface temperature of 4.0°C.

The 24 hour variation in the simulated outgoing ther-
mal infrared flux is also shown in Figure 4. It is much
less significant than the variation in the down-welling
flux. The daily variation is about 18 Wm~2, about
6.5% of the average outgoing flux. The constant lapse
rate profile overestimates the outgoing flux by 5 Wm™2,
and overestimates the contribution from the surface by
7.7 Wm~2, about 17% of the daily average surface con-
tribution.

Most 1980’s-vintage climate models do not include
diurnal cycles and so do not have a diurnal variation in
the long wave radiation, e.g., the various versions of the
NCAR CCM version 1. Many 1990°’s climate models
do incorporate diurnal cycles that include the tempera-
ture effect on the long-wave radiation; for instance, the
GENESIS model [S. L. Thompson and D. Pollard, A
Global Climate Model (GENESIS) with a Land-surface-
transfer Scheme, submitted to J. Climate, 1994] does in-
clude a diurnal temperature variation in the lowest layer
which extends from o = 1.000 to 0.9585, but allows wa-
ter vapor to have only a variation every 24 hours. We
have repeated our calculations using this grid spacing
and find that the surface net infrared radiation is 53.35
Wm~2, 24% larger in magnitude than that calculated
by using a detailed vertical resolution (Table 1).

Although this study was done for a single midlatitude
clear sky measurement of temperature, it does demon-
strate the importance of the thermal characteristics of
the boundary layer to infrared fluxes, especially to the
down-welling flux and surface net radiation. Also, be-
cause of the daily cycle of solar heating and nocturnal
cooling, significant daily variations exist. The diurnal
variation is on the order of 10% for the outgoing flux,
about 20% for the down-welling flux, and greater than
100% for the surface net thermal radiation.
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