- MODELING THE ATMOSPHERIC DYNAMICS
- WITHIN AND ABOVE VEGETATION LAYERS

W.E Heilman and J.C. Zasada!'

e : ABSTRACT—A critical component of any s11v1cultural treatment is the creation of .
o - - suitable microclimatic conditions for desired plant and animal $peciés. One of the most -
~useful tools for.examining the microclimatic implications of different vegetation treat-
ments is the use of atmospheric boundary:layer models that can'simulate resulting *
T mrcrometeorological conditions within and above vegetation layers. A two-dimensional
atmosphenc boundary-layer model has been successful in simulating the atmospheric
_environments within and above forest vegetation layers. that have undergone- different
- types of sllvrcultural treatments Model simulations i conjunction with curreit observa-
. tions reaffirm the importance:of forest overstory vegétation in affécting the dynamnc and -
: -thermodynarmc properttes of the atmosphere near the surface Ty .
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Altered mncroclrmate corxdmons resultmg from natural
. - and human-caused disturbances that add, remove, or
modxfy existing vegetation may be more favorable for

. some plant species while increasing environmental stress
for others. The. -vegetation characteristics and patterns
that result from these disturbances in turn can further
 modify the near-surface: dynamlc and 'thiermodynamic
properties of the atmosphere. For example, early-grow--
ing-season frost episodes in vegetatlon-managed areas of

‘the upper. Great Lakes region- depend to'alarge degree on

“the types of vegetation. management treatmentsthathave
been applied. Frost episodes are-particularly importarit in -
red oak (Quercus rubra) regeneration in the upper Great _

Lakes region (McGee 1975; Crow 1992) becaUSe they

| W.E. ‘Heilman, USDA Forest Servrce, North Central
Research Station, 1407 S. Harrison Road, East Lansing,
MI 48823. J.C. Zasada, USDA Fofest Service, North
Central Research: Statmn 5985 nghway K, Rhinelander,
. 'WI 54501. o :

" can damage youngred oak and assoclated specres dunng

bud break in.the spring. Management treatments that
specrﬁqally plter forest overstory. conditions may.be
especially nmportant in influencing the: frequency and
severity of early. growing-season:frost: eprsodes

A fnll understand g of t’he;nnphcatnons of forest

forest overstory ,
numerical model srmulatlons An atmosp eric bo
layer research model that utifizes appronnate vegetatlon
and turbulence parametenzatlons was used to exarmne e

was placed on'e amimng the dynamn S of a specnﬁc ﬁ'ost
episode and the'evolution of the i al b '

ns :at a study

.. site on the Chequamegon Na | nal FOreSt near“Park

e MODEL L TR ON

Srmulatmg the small-scale atinosphenc dynamlcs w1th1n a

- and above Vegetatlon layers reqﬂn'es an atmosphenc o

model that can resolve cntrcal atmosphenc-vegetatlon R
interactiohs, including both atmosphenc turbulent and
non-turbulent effects. Atmosphenc models of this type

are referred toas boundary-layer models. For this study, B
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the ‘two-dimensional boundary-layer model developed by
Heilman and Takle (1991) is used; it incorporates
vegetation parameterizations from the one-dimensional
boundary-layer model developed by Heilman (1984).
Previous applications of the model include simulations of
nocturnal turbulence characteristics associated with
small-scale drainage flows over sloping terrain (Heilman
and Takle 1991) and the simulation of daytime upslope
flows in response to surface heating (Heilman 1988).

Atmosphenc Mean Varlables

The non-turbulent atmosphenc varlables predtcted by the
level-3 model include horizontal and vertical wind
components, temperature, specific hum:dtty, and dew.
The horizontal wind components are simulated by
solving prognostxc equations that account for wind-speed
changes due to advection, changes | in the atmosphenc _

. pressure gradients (including temperature effects), the -
Coriolis effect, vertical fluxes of momentum, and drag
effects due to the presence of cariopy elements. The

. vertlcal ‘wind component is computed from the i mcom-

:_ pressible form of the atmospheric continuity equation.

* Temperature is predicted witha proghiostic équdtioti that

- *includes: advection: eﬁ‘ects diffusion eﬁ'ects and heating

.and cooling effects'due to the flux of licat between
> vegetation elerents-and the aif and' betWeen the ground
and the. au' Slmxlarly, the spectﬁc hurt idi

" - asthe sum of the vanances of Athel honzontal and verttcal

wmd speed components 18 predtcted wnth a prognostxc
the. f adve

* turbulénce du ) anrﬂow amu, ) -~canopy elcments and
~ non-buoyant d:ss:patxon of turbulence. The non-buoyant
dissipation of turbulence in the atmosphere is dependent
on the characteristic. stzes of turbulent.eddies, with .
dissipation being- -much more prevalent at small eddy

sizes. A prognostic equation for the characteristic length-

scale of turbulent eddies at a art;cular loeatlon is
included in-the model It takes into-account the effects of
advection, dlffuslon, enhancement of eddy sizes due 0
vertical wind shears, and the natural breakdown of
turbulent eddies once they have formed. Finally,
parameterizations of the numerous diffusion coefficients
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used in the model include both temperature variances and
temperature/specific humidity covariances. In order to
close the set of model equations, temperature variance
and temperature/specific humidity covariance prognostic

_equations ate included. Diagnostic equations are incorpo-

rated for simulating all other turbulent quantities,
including the horizontal and vertical TKE components,
and the horizontal and vertical turbulent fluxes of
momentum, heat, and moisture. Within the numerous .
prognostic and diagnostic equations for the atmospheric .

. turbulence variables are parameterizations that account -

for vegetatlon effects on turbulence generatlon 3
Radiatlon and Soil Parametenzatlons
Radlatton processes play an 1mportant role in the dmmal

evolution of the atmosphenc ‘boundary layer. Upward
and downward fluxes of longwave ard shortwave

" radiation at the ground and at the top of vegetation layer§

contribute to the heating and cooling of the boundary
layer. The force-restore method of Deardorff (1978) i '

- applied in the model to calculate surface temperatures. -

This method calculatés an energy baiance at the ground
based on longwave radi ti

latent heit fliix values at'the gmun surface; along. withi .~
deep-soil temperatures. The acéuratepredtctxve capabih- '

- ties and relativé simplicity of the force-restore method
- make it ani attiaétive method for surface: tempemmre

prediction. Because'soil mbistiire affects the energy
balance 4t the surfacé throuigh latent heat fluxes and -
altered fadiation fluxes, the ﬁ:rce-restore method also C
mcludes a progno’suc equatlon for the soil volumetric -

moisture concentration. This equation includes evapora--

- tion, trauispiration,- precnpltatnon, and, deep-soﬂ moxsture .

effects.
 STUDY SITE DE,SCRIP’I".I',ON

In 1987, the USDA Forest Service, North Central
Research. Statlon in Rhmelander, Wlandthe -
Chequamegon, Nicolet, and Ottawa National Forests
developed an Oak Administrative Study (OAS) to focus - _
on lmprovmg the quality of northern red oak seedlingsin -

_nurseries.and on monitoring the. growth of red oak

seedlings on selected research sites.in northern Wiscon-.

siri. One particular research site established as part of the " - A

OAS was the Willow Springs Oak Regeneration Study
site on the Park Falls District of the Chequamegon
National Forest in May; 1989, This study site is situated
on an 80 acre mixed hardwood region (Acer-Viola/ - :
Osmorhiza vegetative habitat type) with sandy loam soil - -
that is moderately drained. The terrain is generally flat
(0-5 percent slope). The study site was divided into four .
20-acre plots. One plot was thinned to 75 percent of the



_ original crown cover (canopy area index (CAI) =3.9)
“and another plot was thinned-to 50 percent of the original
crown cover (CAI = 2.1). A third plot was clearcut (CAI
. = 0.0) while the finat plot was left untouched toactasa .
control (CAI = 5.7). Overstory tree heights are-approxi-

mately 20-m; The understory vegetation was tréated in
the logged plots using various:combinations of disking
and spraying with a-herbicide. Following the understory
treatments, l-year-old bare-root and containerized red
oak seedlings and pre-germinated acorns were planted in
all the study plots in May, 1989. Since the time of
seedling and acorn planting, the growth and-survival of

the red oak seedlings and other understory vegetatron has

been and contmues to be momtored

In order to better understand the impacts of the dlfferent

_ silvicul iral treatments on. the micrometeorological
‘environments within the study plots a-micrometeorologi-
cal momtormg network was.set up.on three of the four.
study plots in 1994 A 10-m tower was mstalled and
instrumented in the control 50  percent overstory- o
reduced'~aud clearciit plots lnstruments were placed on.

- 05 m and 0, 25 m e obtam charactens‘trc proﬁles of .
ear-surface temperatures Thermocouples were. also

 tower. to determme the radratron charactenstncs within the
" -study plots. Scan times for the different sensors ranged
‘from 10 seconds to 0} mmutes, and average condmons
were reported ‘hourly to data loggers in each study plot.
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Micrometeorological data from the sensors have been
collected every day from 1 January 1994 to the present,
with a few minor data gaps.

OBSERVATIONS AND SIMULATION RESULTS

The presence:-of overstory vegetation layers influences

the atmospheric environments within and above these
layers durmg both daytime and nocturnal periods. During
the daytime, overstory vegetation layérs reduce the
amount of solar radiation reachmgs the surface, and alter
the radiation and energy balances at the surface. The -
daytime evolution of surface temperatures depends to a
large extent on these radiation and energy balances. The
daytime heating of the atmospheric boundary layer,in ..
turn, depends to a large extent on the upward flux of heat .
from the surface when surface temperatures exceed lower

' atmosphenc temperatures. Vegetation elements also act .

as.a source of moisture for the atmosphenc boundary -
layer through transprratron processes. Moisture in the
atmospheric boundary layer influences the longwave

- radiation fluxes and the evolution of both daytime and -

nocturnal temperatures. Examples of: the effects of - -
different overstory vegetatron densmes on fiacturnal.
near-surface temperatures as- measuned at the WvI]IOW B
Springs. study site afe.shown in ﬁgure 1..From about Day.
150 (30.May 1994) till Day 290 (17 October 1994) when
leaf-area densities in ‘the: overstory vegetatlon were: .
significant, large nocturnal temperature différences were: *
observed between the 50 percent overstory-reduced plot
and the clearcut plot, and between the control plot and
clearcut plot. Temperature difference maxima. reached

5 °C for the 50 percent overstory-reduced- plot vs. the -
clearcut plot, and exceeded 6 °C for the control plot V8.

- the clearcut plot on three occasions. 'lhe hrgher noctumal ,

Control - Clearcut: 0300 LT
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-'Figure 1 —-Tethérature differences in 1994 at 0300 LT between (a) the 50 peréent overstory-reduced plot
and the clearcut plot, and between (b) the control plot and the. clearcut plot at 0.5 m above the surface at

the Willow Spnngs Study site.
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temperatures observed in the 50 percent overstory-
reduced and control plots on numerous nights during the
Day 150-290 period are due to the increased downward
flux of longwave radiation resultmg from the overstory
vegetation, the increased downward flux of longwave
radiation resultmg from enhanced atmospheric moisture
contents within the vegetatlon layers, and from the
thermal inertia provided by the overstory vegetation
(Potter 1999). Observed temperature differences in-
creased from the 2.5 m level to the 0.5 m level. The
night-’to-night fluctuations in temperature differences can
be attnbuted to wind-speed changes and cloud-cover
conditions over the Willow Springs study site. Tempera-
ture differences are reduced as wind speeds increase
because the increased atrhospheric turbulence due to.
‘horizontal and vertical wind shears acts to minimize any
spatlal gradxents of temperature and mioisture. The
presence of: pénodle cloud cover and increased: low-level
moisture also reduces the amount of coolmg atthe *
surface thtough enhanced downward fluxes of longwave
radiation over the entlre study site. .

Aﬁemoon (l 500 LT) temperature dlfferences tended to
be slightly larger.in magnitude, with temperatures-
. approaching 8 °C cooler on:several occasions in the: -
contro} plot as compared to the clearcut plotat a helght
> of 0:5 m during the same period from.Day 150-290..As.

with.the: noctumal temperature dxﬂ'erences, large day-to- -

day ﬂuctuatlons :were observed. and can be attributed

- mainly to. wmd speed and cloud coyer/low-level monsture :

- vanatlons

Overstory vegetatxan also has a major 1mpact on the
vertical profiles of temperature within the vegetation
layers, particularly at night when turbulent mixing due to
wind shear is usually less. than during the daytime.
During calm and cloud-free conditions at night, surface
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temperatures decrease rapidly after sunset due to
radiational cooling if no overstory vegetation is present. _
The cooling of the ground producés a nocturnal inversion
layer above the surface where temperatures increase

:rapldly with height. Atmospheric turbulence within

inversion laycrs is suppressed, thereby diminishing the
turbulent transport of warmer air from higher levels
downward to the surface This reduced atmospheric -
mixing | further enhances the cooling of the surface. If
overstory vegetation is present, the i inversion layers that

“develop w1thm the vegetation. layets in.the late afternoon

or early evenmg are much weaker. than the inversion -
layers that exist in clearcut areas. Figure 2 shows the

‘observed near-surface vertical temperature gradients in

the Willow Springs clearcut and control: plots in1994.In
the clearcut plot (fig. 2a), vertical. temperature. gradlents
in the 0.5 - 2.5 m layer abiove the surface often exceeded
1.2 °C mr!. between Day 150 and Day 290. Prior to'this :
period in 1994, larger temperature-gmdx ] magnltudes 7.
were observed as a result of snow cover. In the'50 :
percent overstory-reduced and control plots near-surface
temperatute gradiénts were ‘much less betweert Day 150
and Day 290, with the control plot havmg the simallést - ;
noctumal temperattme gradnents (ﬁg Zb) :The figure

surface: temperature gradients:diié to'y
tions and’ cloud caver/low-level mmsture (
also observed 16 be much smallet in the 50 -pement

overstory-reduced, and control plots as compared to the

' clearout piot from- Day 150 until Day 290.

The evolution of nocturnal mvers:on layers wnthm and -
above forest overstory layers is an important atmospheric-

Control: 0300 LT -
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~ Figure 2 -——Near-swface vertical temperature gradtents in. l 994 at 0300 LT in (a) the clearcut plot ) the 50
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. percent overstory-reduced plot, and (c) the control plot at the Willow Springs study site.



dynamic process that results from-cooling of the surface
and vegetation elements, and is strongly influenced by
the overstory vegetation characteristics. A particular
disturbance that depends to a large degree on the
evolution of the nocturnal inversion layer is frost.
Observations and model simulation results are presented
for the night of 1-2 June 1994 (Day 152-153) when a
‘significant frost episode under calm conditions occurred
in the Willow Springs clearcut plot, but no frost was -
reported in the 50 percent overstory-reduced or control
_ plots. Figure 3a shows the observed evolution of the -
near-surface temperatures (0.:25-m above the surface) in
the control, 50 percent overstory-reduced, and clearcut
plots on this particular night. Temperatures'in the

- . clearcut plot decreasedrapidly after: 1800 CDT (Day

152.75) and dropped below 0 °C by 2100 CDT. How-
- ever, near-surface {temperatures in the 50 percent over-
story-reduced and control plots decreased less rapidly

-~ ‘after 1800 CDT and never dropped below 0 °C tht night.

- Differences in radiational cooling of the surface after
sunset in the different overstory treatment plots resulted
in maximum-temperature differences ¢ among the plots
* during: the night.: The stable inversion: ‘layers that devel-

oped.over:the study plots:on this evéning acted to

suppréss-the turbulencé within thém-and inkibited : any - '
- mixing:f warmer-air froni above into thei inversion -

layers. This led:to maikunummem‘mre drﬁ'erences ‘

" among the plots after sufisét. After sunrise; the- nocturnal _
" inversion‘layer eroded from below dué to'siirface heating

. which theh increaséd near-stirface turbulent mixing and
- reduced anyfemperature-differénces betweeti the plots. -
Temperatire differences ‘between the plots decreased

~. - rapidly aftét sutifiSe- and remarned relatwely 'small -

throughioiit the: daytrme hours of Day 153. The strength
~ ofithe nocturnal inversion layers within the individual 4

 TEMPERATURE (C)

_Simulated temperature and TKE profiles correspondmg -

‘lowest 10 m in the clearcut plot was approximately 0,

* and control plots where average temperature gradrents_ .

 simulated nighttime net radiation flux values (not shown) o
‘at the surface that ranged from about -70 w m2 in th '

_ These upward ﬂuxes of net radratlon were at a maxlmum

~ study plots is reflected in the near-surface vertical

temperature gradients that developed during the evemng
and early-morning hours of Day 152-153 (fig. 3b). Large
positive near-surface vertical temperature gradients in the
clearcut plot during the mghtume hours.of Day 152-153
suggest the presence of a strong inversion layer over the

. -clearcut plot resulting from significant surface coolmg in

the. absence of any ovefstory vegetation. Temperature _
gradlents in the 50 percent. overstory-reduced and control-
plots were much smaller in magnitude, with temperatures -

_at 0.25 m observed to-be shghtly warmer thanthe 2 m .

temperatures in the control plot during the nighttime . .
hours, Diminishéd surface radiational cooling in the non- . -
clearcut plots resulted in very weak inversion layers .-
underneath the forest overstories. Although this suggests

" astronger tendency for more vertical turbulent mixing of : -

heat from above under less smble conditions, turbulence .

. within the vegetatron layers was mrmmal on this mght

, dlssrpatron assoclated with the foreed small turbulent PR

eddy sizes wrthm the vegetatlon layers.

to 0200 CDT on 2 June 1994 (Day 153) are. shown in
figure 4. At that time, the temperature gradient over th

°C m!, in'contrast to the 50 percent overstory-reduced

were betWéen 0.1°C m and 0.2 °C
characteristic témperature profiles were associated

' (fig. 4a). These:

clearcut plot to about 40 W m? in the 50 percent ~
overstory-reduced plot and -25'W m? in the control pl‘

- TEMP. GRADIENT (C/m)
- : M y

4.0 S —
5280 15275 . 16300 . 18328 18380

DAY

' Flgure 3 —Near-surjhce (0.25.m) temperature evolution (a) and near-surface (2 m - 0.25 m layer) vertical
 temperature gradient evolution (b) in the control, 50 percent overstory-reduced, and clearcut plots from
. 1200 CDTon 1 June 1994 (Day 152.5) to 1200 CDTon 2 June 1994 (Day 153.5) at the Willow Sprmgs

» study site.
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shortly aﬁer sunset in the simulations over. all the. ..

. treatment, plots .and the flux slowly decreased throughout

_ the nighttime hours However, the decrease in the upward

 flux of net radiation was more srgmﬁcant in the clearcut

* plot because surface temperatures decreased more.
rapidly there, which reduced the.upward flux
longwave radranon over tlme The model
revealed that the presence of forest overstory vegetatlon
- inthe other plots enhanced the downward flux of

: longwave radratlon and reduced the noctumal surface‘net

. radiation change throughout the mght. Larger atmo-
spheric moisture contents within the vegetition layers
also contrlbuted to the reduced net upward ﬂux of .
radratlon at the surface during the nighttime hours.

The stmulated turbulence structures within the nocturnal
_inversion layers present over each of the plots are shown

" in ﬁgure 4b. The snmulatrons mdrcate very low TKE
‘values over each treatment plot compared to typical TKE
values during daytime hours. This is a result of the .
inherent atmospheric stablllty and large dissipation of .
turbulence within the inversion layers along with the -
lack of any significant turbulence generation, from wnnd

-+ shears. Within the vegetation layers in the 50 percent
overstory-reduced and control plots, TKE values are-
further diminished because turbulénce d1s51patron is .
more significant within the vegetation layers where: '
turbulent eddies are limited in size by the presence of
canopy elements and their proximity to the ground.
Maximuni simulated TKE values appeat near 50m
above the surface over all treatment plots.

The impact of overstory density on:nocturnal vertical
heat-flux profiles was also examined in the model
simulations. In the clearcut plot, maximum downward
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ﬂuxes Q? sensible heat;koccurred;at thesnrface, alﬂmough:-i ;'

ercent overstory-

these fluxes were:small.compared to typical daytime. - -~ -
upward fluxes of heat because of the:strong:stability .

. within the nocturnal inversion layer above the: clearcut _ o

plot: In the 50 pergent.overstorysreduced and control
plots, sunulatedmaxrmum downward fluxes of sensrble

ﬁ inthe
4a), thh the. largest lapse rate oecun;mg just above the
surface i in the: clearcut plot. Also icontributing to:the. -

' srmulatednsmaller downward heat fluxes.in the plots -

containing, overstory vegetatron 1§~the reduced. turbulence :

. underneath the overstory vegetation (see. fig. 4b).-

Surface moisture condrtlons also mﬂuence the atmo- .

sphéric dynamics associated with nocturnal inversion-
layer development and. frost occurrence over vegetated
surfagés: Soil moistiifé present at or néar the surface -
reduces the amount of fiighttime surface cooling.and

: contnbutes*’to the moistening of the atmospheric.bound- -

ary layer. Maodel simulations wefe carried out to'éxamine
the sensmvrty of nocturnal near-surface temperatilre .
proﬁles and turbulence values to different soil moisture
concentratrons i the presenCe of different forest over-
story densities. Thie simulations reveal that nocturnal
surface temperatures'in clearcut areas are typlcally 8°C
colder if soil conditions are dry as opposed to saturated,
assuming calm and clear conditions prevail. This ,
suggests an increased- probability of frost occurrence in
clearcut areas with typically dry soil conditions. The

presence of overstory vegetation reduces the. amount of

surface cooling regardless of the sonl-morsture contents, -

but the reductionin surface cooling is more srgmf icant -

when soil-moisture- c0ntents aré less than 33 percent



saturation. As soils become wetter, the impact of increas-
ing forest overstory densities on nocturnal surface
temperatures is minimized. The simulations also reveal .
that weaker nocturnal inversion layers develop over areas
with wetter soil, Weaker inversion layers imply less
stability within them and the potential for larger TKE.
. Model simulations of nocturnal TKE sensitivity to soil-
moisture conditions under different forest overstory
densities showed that near-surface TKE values tended to
be.about 15 percent hlgher in clearcut areas under
. saturated soil conditions as opposed to dry soil condi-

tions. When overstory veg tatto_n was present, increasing
soil moisture had little i impagt on TKE values within the -

_overstory vegetatron layer However above the top of the

.....

percent larger when the sorl was saturated as opposed to 4

'drysorl conditions. .
| CONCLUSIONS ~~ *

Observatrons and modelmg results from this study

mdtcate that management practices which modify

ry- vegetation can.alter. near-surface nucroclrmatrc'
condmons ‘ltt arti alar, : the evolution of. noctumal
temperatures m 'the potential for early: growmg-season

. frost-episodes'are. dependent on overstory vegetation
densltres ‘Large nocturnal surface temperature differ-

- ences can arise betweci clearcut areas and areas with .

g overstory egetatlon present.. Overstory vegetation . .
’ 'ard ﬂux of longwave radtatlon

r cle: ut areas Atmosphenc turbulence and assoer-

- ated turbulent fluxes of heat and moisture within.these..

inversion layers also. reﬂect the presence or absence of :

any forest overstory vegetation. Soil-moisture vanatrons

. _in clearcut and non-clearcut areas also play arole in

" - modifying the' evotutlon of nocturnal inversion layers
Wet:soils: tend to increase near-surface nocturnal turbu-

- lence values in elearcut areas‘and above canopy tops in’
nonaclearcut areas. The mcreased turbul ence. values area

“result of smallerivertical temperature g  the
nocturnal inversion layers when soils. are; Wet,"thereby )
enhancing the amount of vertrcal mtxmg of he" and

. morsture

Attnospheric ‘boundary-layer models are useful tools for
‘examining the effects of diffetent forest mariagement
. practices on forest miicroclimates. ‘Although boundary-

' layer models are: typrcally not used’ operatronally, they

“McGeg, C E. 1975. Change in forest canopy aﬁ'ects

can provide researchers valuable insight into the dynamic
behavior of the atmosphere within and above vegetation
layers. Modeling results.from this particular study can
also be used by forest managers in their development of
silvicultural treatments that produce microclimates most
suitable for enhancing the regeneration of microclimate-
sensitive tree species in the upper Great Lakes region.
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