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ABSTRACT

SENSITIVITY OF MODEL-GENERATED DAYTIME SURFACE HEAT FLUXES
OVER SNOW TO LAND-COVER CHANGES

Snow cover can significantly suppress daytime temperatures by increasing the surface
albedo and limiting the surface temperature to 0°C. The strength of this effect is dependent
upon how well the snow can cover, or mask, the underlying surface. In regions where tall
vegetation protrudes through a shallow layer of snow the temperature-reducing effects of
the snow will be suppressed since the protruding vegetation will absorb solar radiation and
emit an upward turbulent heat flux. This means that an atmospheric model must have a
reasonable representation of the land cover, as well as be able to correctly prognose snow
depth, if an accurate simulation of surface heat fluxes, air temperatures, and boundary-
layer structure is to be made. If too much vegetation protrudes through the snow then
the surface sensible heat flux will be too large and the air temperatures will be too high.

In this study four simulations are run with RAMS 4.30 for a snow event that occurred
in 1988 over the Texas Panhandle. The first simulation, called the control, is run with the
most realistic version of the current land cover and the results verified against both ground
stations and aircraft data. Simulations 2 and 3 use the default methods of specifying land
cover in RAMS 4.29 and RAMS 4.30 respectively. The significance of these variations in
land-cover definition are then examined by comparing with the control run. Finally, the
last simulation is run with the land cover defined as all short grass, the natural cover for the
region. The results of this study indicate that variations in the land-cover specification can
lead to differences in sensible heat flux over snow as large as 80 W m~—2. These differences
in sensible heat flux can then lead to differences in daytime temperatures by as much as

6°C. Also, the height of the afternoon boundary layer can vary as much as 200-300 m.
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In addition, the results suggest that daytime temperatures are cooler over snow in the

regions where short grass has been converted to cropland while they appear to be warmer

over regions where shrubs have increased.
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Chapter 1

INTRODUCTION

There has been a considerable amount of research illustrating how snow can signifi-
cantly reduce daytime temperatures by as much as 10°C on time scales of days to months
(Namias 1985; Cohen and Rind 1991; Baker et al. 1992; Leathers and Robinson 1993; and
Ellis and Leathers 1998). Snow cover reduces daytime temperatures by increasing the net
surface albedo and reducing the maximum attainable surface temperature. First of all,
the higher surface albedo reduces the amount of incoming solar radiation which can be
absorbed meaning less energy will be available to heat the surface and nearby air. Sec-
ondly, the temperature of the snow is limited to 0°C or less. Once the snow temperature
reaches 0°C the remaining energy can only be used for melting. These two effects combine
to produce a surface that is significantly cooler than its snow-free counterpart under the
same ambient conditions.

The strength of these cooling effects is obviously dependent upon the extent to which
the snow is able to cover, or mask, the land surface. When tall vegetation, such as trees
or shrubs, protrude through a shallow snow cover the albedo increasing effect of the snow
is reduced; see Figure 1.1. Furthermore, the protruding vegetation is capable of warming
to temperatures greater than the 0°C limit of snow allowing for a greater surface sensible
heat flux. In contrast, the same shallow snow cover may be able to completely bury short
vegetation such as grass or crop stubble, enabling the full temperature reducing effects of
the snow to be realized. In the case of the study by Baker et al. (1992) the mean reduction
in daily maximum temperature was 8.4°C when the surface was completely masked and
6.5°C when the surface was partially masked by snow.

Some modeling studies have also looked at the influence of protruding vegetation on

temperatures and heat fluxes over snow. The sensitivity of surface heat fluxes and low-level
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Figure 1.1: Schematic showing the key energy exchange mechanisms over a snow cover
interspersed with protruding shrubs.



air temperature to masking of the land cover by snow has been examined for the boreal
forests of the northern hemisphere by Thomas and Rowntree (1992) and Viterbo and Betts
(1999). In addition, Greene et al. (1999) illustrated the importance of the albedo reduction
by forests in the Rocky Mountains. Thomas and Rowntree (1992) represented the removal
of the boreal forests as an increase in the maximum winter and spring albedo over these
regions in the United Kingdom Meteorological Office (UKMO) general circulation model.
The albedo of the boreal forest regions in the winter and spring is generally much lower
than that of snow since the dark trees easily protrude through the snow pack. The removal
of these forests would lead to a significant increase in the surface albedo of the region. In
the Thomas and Rowntree (1992) study the increase in albedo due to forest removal led to
a reduction in surface sensible heat fluxes, air temperatures, and precipitation during the
spring. Viterbo and Betts (1999) showed that a reduction in the boreal forest deep snow
albedo in the European Center for Medium-Range Weather Forecasts (ECMWF) model
significantly reduced the model’s cold low-level temperature bias present in the boreal
forest region during the spring. The ECMWF model had been neglecting the reduction in
albedo due to the protruding forest and assigned a value for the surface albedo that was
too high leading to the cold bias in low-level temperatures.

Finally, Greene et al. (1999) showed with the ClimRAMS model that surface sensible
heat fluxes and low-level air temperatures were reduced during late winter and early spring
when forest areas were replaced with grassland in the Rocky Mountains.

Considering the previous discussion, one should be able to see that the ability of
an atmospheric model to correctly simulate daytime temperatures over snow will be de-
pendent upon the accuracy of the land-cover definition. If the land cover in a model is
defined to be 1 m tall shrubs when in fact 5 cm crop stubble is present then one would
expect the model to overpredict the surface heat flux over a 15 cm deep snow cover. The
overpredicted surface heat flux would in turn lead to higher near-surface air temperatures
and a deeper afternoon boundary layer.

This study seeks to illustrate the sensitivity of model-simulated daytime tempera-

tures over snow to the underlying land cover. The Colorado State University Regional



Atmospheric Modeling System (CSU-RAMS; Pielke et al. 1992) vs. 4.30 is used to run four
12-hour long simulations centered in the Texas Panhandle. The first three will each use a
different method of specifying the present day land cover. The first simulation, which is
considered the control, uses the 30 m resolution Landsat Thematic Mapper (TM) derived
National Land Cover Data (NLCD) to define the present day land cover (Vogelmann et
al. 1998). Simulations 2 and 3 utilize the 1 km resolution Advanced Very High Resolution
Radiometer (AVHRR) derived Olson Global Ecosystem (OGE) land cover data to define
the present day land cover (Olson 1994a.b). Finally, in simulation 4 the land cover will
be defined as all short grass, the predominant pre-settlement vegetation in the southern
U.S. Plains. The evolution of sensible and latent heat fluxes, near-surface air temperature,
snow depth, and boundary-layer structure as simulated by the model is then examined for
each of the land-cover definitions. In contrast to the modeling studies mentioned above,
this experiment focuses on the effects of protruding vegetation with relatively small stature,
such as shrubs, on the boundary layer. In addition, this study examines these effects in
a mid-latitude and relatively low altitude region. The research is also different since it
explores the significance of not only changes in land cover in a region but also the sen-
sitivity to different methods of specifying the current land cover. The overall goal here
is to highlight the necessity of properly representing the land cover in numerical weather
and climate models and how slight variations between different land-cover data sets can
lead to significant differences in model results. The study also provides further evidence
of how changes in land cover over time can lead to changes in low-level air temperatures
and hence the need for treating the land surface as a dynamic component of any climate
system model. Finally, the results of this work will further show the need for considering
land-cover changes when examining long-term temperature records from surface stations
for trends.

Chapter 2 explains the design of the experiment and describes in detail the Land
Ecosystem-Atmosphere Feedback model vs. 2 (LEAF-2) land-surface parameterization
used by RAMS. An extensive discussion of the control run configuration is given in Chap-

ter 3, followed by a comparison of the control run results with observations and a discus-



sion of the other simulations in Chapter 4. Finally, Chapter 5 contains a summary and

recommendations for future work.



Chapter 2

EXPERIMENTAL DESIGN

2.1 Experiment Methodology

RAMS 4.30 with LEAF-2 is used to simulate daytime temperatures over a 5 to 30 cm
deep cover of melting snow in the Texas Panhandle on March 18, 1988. This particular
event was chosen because of its location in a region where significant land-use change
has occurred, as well as the availability of heat flux and albedo measurements from the
Snow Shading Boundary Layer Interaction Measurement Program (SSBLIM) described
in Cramer (1988). The region is also ideal because a large fraction of it is defined as
a mixed shrub and grass category in the OGE AVHRR-derived data set which is the
standard land-cover set for LEAF-2. This category presents a problem since there is no
such corresponding mixed class in the Biosphere Atmosphere Transfer Scheme (BATS)
(Dickinson et al. 1986) that LEAF-2 cross references the Olson classes with. The mixed
class is either defined as all shrubs, as was the case in RAMS 4.29, or all grass, as in
RAMS 4.30. As is shown later this has significant consequences for daytime temperatures
over snow. The first step is to run a simulation with the best land-cover representation
available and compare the results to the available observations. This simulation, which
we will call the control, will be the baseline that we compare the results of all subsequent
simulations. We consider the 30 m resolution Landsat TM-derived land cover to be the best
for the Texas Panhandle since it distinguishes between the grass and shrubs, allowing for
separate fractions for each to be defined in LEAF-2, and appears to give a better fraction
of crop land. After demonstrating with the control run that the model can reasonably
reproduce available observations we make the assumption that the results from subsequent

simulations with land-cover modifications are a reasonable representation of what would



Table 2.1: List of the four simulations.

H Simulation H Control Run ‘ Simulation 2 ‘ Simulation 3 ‘ Simulation 4 H
Land Cover || Landsat TM AVHRR- AVHRR- Pre-Settlement
shrub/grass mix | shrub/grass mix | land cover, all
defined as all defined as all short grass
shrub short grass

actually occur if such land-cover changes occurred. The second simulation will be run
using the 1 km AVHRR-derived land cover with the grass and shrub mixture described
above classified as all shrubs in LEAF-2, and the third simulation will be run with this
class defined as all short grass. Finally, the fourth simulation will be run with the entire
land cover defined simply as all short grass, a situation that represents the pre-settlement,
or natural state of the land. The four simulations are listed in Table 2.1 for reference.
We expect that representing the shrub/grass mixture as all shrubs will lead to higher
daytime temperatures. The tall shrubs protrude through the snow, and thus are warmed
by the sun. As a result upward turbulent sensible heat flux occurs. Since the fraction
of the shrubs will be much larger in this case the afternoon air temperatures will be
correspondingly higher. The opposite situation is expected for simulation 3 where the
shrub/grass mix will be treated as all short grass. In this case the fraction of shrubs will
be smaller leading to a reduction in afternoon temperatures. From simulation four we
expect to find that an increase in the shrub population in this region since pre-settlement
times may produce higher daytime temperatures over snow. Also, cooler temperatures
are expected over the crop stubble areas since the stubble is generally shorter than the

natural grass.

2.2 LEAF-2 Description

LEAF-2 is the land-surface parameterization used by RAMS 4.30. Much of the fol-
lowing description, which is included for completeness, is taken from Walko et al. (2000).
LEAF-2 consists of the soil, snow or temporary surface water, vegetation, and canopy air.

Each grid cell in RAMS is broken down into a permanent surface water patch and an



additional user defined number of land-cover type patches. The permanent surface water
patch represents the fraction of the grid cell that is occupied by rivers, lakes, or ocean
while the other patches represent the fractions of the most dominant land-cover types.
LEAF-2 is run separately for each of the patches and the influence of each patch on the
lowest atmospheric level in RAMS is weighted according to its fractional area. There is
no direct communication between the patches, however, they influence each other indi-
rectly through their effects on the lowest atmospheric level in RAMS. This fractional break
down of the land surface allows the land cover, which often has fine spatial structure, to
be represented at relatively higher resolution than the more computationally expensive
atmospheric grid. A qualitative description of each of the major components of LEAF-2 is
given in the sections that follow. Equations for some of the quantities and processes most
relevant to the this study are also given. A more comprehensive listing of the equations

in LEAF-2 are given in Appendix D of Pielke (2001).
2.2.1 Soil

The soil in LEAF-2 is broken down into layers, the number and thickness of which
are defined by the user. Soil moisture content in the surface layer is determined from
percolation of temporary surface water (snowmelt), percolation of liquid moisture from
the surface layer to the next layer below, evaporation to the canopy air, removal through
transpiration by plants, and runoff simulated by TOPMODEL (Beven and Kirkby 1979;
Beven 1982; Sivapalan et al. 1987). The moisture in the remaining layers below the
surface is calculated from the vertical liquid moisture flux divergence, removal through
transpiration by plants, and sub-surface runoff as simulated by TOPMODEL.

LEAF-2 does not directly prognose soil temperature but rather diagnoses it from soil
internal energy. The soil internal energy is defined relative to a value of 0 for soil with
completely frozen moisture at 0°C. The equation for soil internal energy, in units of J
m 3, is:

Qg = ngz'CiTg + ngl (Cng + Lil) + CgMng (2.1)

where:

Cy = specific heat of dry soil J kg ' K1



C; = specific heat of ice J kg=! K1

C, = specific heat of liquid water J kg=! K1
fi = ice fraction (by mass)

fi = liquid water fraction (by mass)

L;; = latent heat of fusion J kg~!

M, = mass of dry soil per cubic meter of total volume kg m~3

W, = soil water content kg m 3.

Here soil temperature, Ty, is in °C, and f; and f; are the ice and liquid water fractions,
respectively, relative to the total mass of water in the soil. At initialization time each
soil layer is assigned an initial temperature from which Qg is computed with 2.1. After
each time step the soil internal energy in the surface soil layer is updated using the net
radiation, conduction from the next soil layer below, the turbulent sensible heat flux to
the canopy air, (or, when snow is present, conduction between the soil and bottom snow
layer), latent heat due to evaporation from the surface, and the net flux divergence of
the energy carried by percolating water. In the soil layers below the surface the internal
energy is updated based on the conduction between adjacent layers and the energy carried

by the net flux divergence of percolating moisture in the layer. After ), is updated the

new soil temperature and liquid/ice fractions are diagnosed from 2.1.
2.2.2 Snow

Snow is considered to be the frozen part of the temporary surface water component
in LEAF-2. Multiple snow layers are allowed, and as in the case of soil, internal energy is
prognosed for each of them. The temperature of the snow layer is then diagnosed from the
internal energy. Equation 2.2, shown below, defines the snow internal energy in J kg~! in

a similar fashion as 2.1 does for soil;
Qs = fiCiTs + fi (C/Ts + Ly) (2:2)

where T = the snow temperature in degrees C.
This gives the internal energy relative to a reference state of all ice at 0°C, at which

point @ is 0. Temperature is again in °C in this equation. At each time step, Q)5 in
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the top most snow layer is updated by the net radiation, conduction of heat from the
layer below, energy carried by the net flux divergence of liquid water percolation, and
latent heat flux from evaporation and sublimation to canopy air. In intermediate layers
Qs is updated from the absorption of transmitted solar radiation, conduction between
adjacent layers, and by energy carried by the net flux divergence of percolating liquid
water. Finally, for the bottom most snow layer Qs is updated from absorbed transmitted
solar radiation, energy carried by the net flux divergence of percolating liquid water, and
conduction of heat from both the soil surface and the next snow layer above. As with the
soil a new temperature, and the fractions of liquid and ice, are computed from the new
internal energy.

By default in LEAF-2 the snow albedo is assigned a maximum value of 0.5 when in the
form of all ice. The albedo decreases linearly to the value for wet soil (0.14) as the liquid
fraction increases to 1. For this study the same linear decrease to 0.14 is used but the
maximum albedo has been increased to 0.6. Ample documentation exists (Hartmann 1994;
Sellers 1965) supporting such a value for the snow albedo. The value of 0.6 was chosen
since it agrees well with the albedo measurements from the SSBLIM study. In reality,
the albedo of snow has a spectral dependence where the albedo decreases with longer
wavelengths. However, in LEAF-2 the albedo is held constant across all wavelengths for
solar radiation. The longwave emissivity of the snow is assumed to be unity.

In the current implementation of LEAF-2 the snow depth is updated each time step
by the amount of snow reaching the ground and snowmelt. The depth also decreases each

time due to a prescribed compression rate as shown in the following equation:

_ At ]
1 x 10

Zs = Zs [

where At is the time step in s, and z; is snow depth in m.
The amount of snowmelt is calculated in terms of mass per unit area and the depth
loss is computed as the depth this mass would fill if in the form of liquid water. For
this study the snow depth is simply diagnosed from the ice and liquid water fractions

with the density of the ice fraction remaining constant with time. Each time step the
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depths of liquid water and ice are computed and summed to get the total snow depth.
The density of the ice fraction of the snow is assumed to remain constant at its initial
value. The assumption of a constant value for the ice fraction density is not too bad for
this situation since the duration of the simulation is so short and the snow is relatively
shallow. Internal compression from the weight of the snow itself will not be very large in
this case. This alternative method for determining snow depth evolution was utilized for
this study because the standard method does not allow for significant differences in snow
depth due to differences in the rate of conversion of ice to liquid. Most of the depth change
comes from the prescribed compression given by Equation 2.3 which has no dependence

upon conversion of ice to liquid.
2.2.3 Vegetation

In RAMS 4.30 LEAF-2 cross references all vegetation types either to one of the 18
BATS categories or in a few cases to a wooded grassland or urban category that physical
parameters have been defined for. The vegetation physical parameters used by LEAF-
2 are albedo, leaf area index (LAI), vegetation fraction, emissivity, roughness length,
displacement height, and root depth. The LAI and vegetation fraction are allowed to vary
on a prescribed seasonal basis. Vegetation fraction represents the fraction of the ground
surface that is covered by vegetation. The rest of the surface is considered to be bare soil.

The vegetation temperature is prognosed from the amount of energy exchanged be-
tween the net radiation, turbulent sensible heat flux, latent heat flux from evaporation of
intercepted precipitation, latent heat flux from the process of transpiration, and energy
carried by intercepted precipitation. The net radiation is the sum of absorbed solar radi-
ation and longwave radiation from the atmosphere and the ground or snow surface. The
equations for the radiation exchanges as well as the sensible heat flux are given below.

The solar radiation absorbed by the vegetation is given by:
Sy =Rs Ts[1—ay+a,(1-T,)] (2.4)

Rgs, = incoming solar radiation at the bottom of the atmosphere W m™2

I's = vegetation fraction corrected for snow depth
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o, = snow albedo
a, = vegetation albedo.
The vegetation fraction is assumed to decrease linearly towards zero as snow depth

approaches the height of the vegetation; see Equation 2.5 below.

T, = max [0,1“ (1 - ﬁ)] (2.5)

2y

I' = vegetation fraction
zs = snow depth m
zy = vegetation height m.
Next, the longwave radiation exchange between the vegetation and atmosphere is

given by:
Frye = fvo'szlFs [1 + (1 - Fs) (1 - €gs)] - RL,],FS [ev + (1 - Ps) (1 - egS)] (2'6)

R, = downward longwave radiation at the bottom of the atmosphere W m 2
T, = temperature of vegetation K

€y = emissivity of vegetation

€gs = emissivity of ground or snow

o = Stephan-Boltzmann constant.

The longwave radiation exchange between the snow and vegetation is given by:
Frsy = €yesol’s [T;l - T;l] (27)

T = temperature of snow K
€s; = emissivity of snow.

Finally, the longwave radiation exchange between the bare ground and the vegetation
is:

Frgy = €yegol’ [T‘;L — T;l] (2.8)

€4 = emissivity of the ground

T, = temperature of the ground K.
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The sensible heat flux between the vegetation and the canopy air is given by (Lee

1992):
Cppa (T, — Te)
b

Fipe = 2274 (2.9)

C,, = specific heat of air J kg1 K!
T, = canopy air temperature K

rp = resistance between canopy air and vegetation surface s m™!
T =leaf area index corrected for snow depth

pa = air density kg m~3.

The leaf area index is allowed to linearly approach zero as the snow depth approaches
the height of the vegetation, just as in the case of vegetation fraction. The 2.2 factor arises
from the need to include both sides of the leaves and the assumption that the stem area is
equal to about 10% of the one sided leaf area. Equation 2.9 is used for all vegetation types
in this case except the deciduous shrubs. LEAF-2 in its present state can not accurately
produce sensible heat fluxes from vegetation that is completely bare of leaves, since it is
based on leaf area index. In order to get around this the sensible heat flux from the shrubs
is modeled as being equal to the net radiation absorbed by the branches as in Otterman
et al. (1993). This assumes that the heat capacity of the shrubs is very small and that

there is no cooling due to latent heat of evaporation. Cooling of the shrubs by latent heat

of evaporation will be negligible in this situation since they are dormant and dry.
2.2.4 Canopy Air

The canopy air is considered to be the air in immediate contact with the vegetation
and surface. The canopy air temperature is prognosed from turbulent sensible heat flux
from the vegetation and ground or snow, and the sensible heat flux to the lowest atmo-
spheric model level. The moisture content of the canopy air is prognosed from the rate of
moisture exchange between the ground or snow, intercepted precipitation on vegetation,
transpiration, and the lowest atmospheric model level. The equations for heat and mois-
ture exchange involving the canopy air (taken from Lee 1992) that are most relevant to

this study are listed below.
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The sensible heat flux from the vegetation to the canopy air has already been listed
above and will not be repeated. Below are the equations for sensible heat flux from the

snow and ground to canopy air respectively.

Cppa (Ts - Tc)

Fhse = (2'10)
Td
rq = resistance between ground and canopy air s m™.
C, T,— T
Fhge = vpo (Ty — o) (2.11)

The moisture flux due to evaporation from the soil and snow to canopy air are re-

spectively:

ngc = Pa (Xid_ XC) (212)

Xg = water vapor mixing ratio at the ground surface kg kg !

Xe = water vapor mixing ratio of the canopy air kg kg .

Fryge = PolXs ~Xo) (2.13)

Xs = water vapor mixing ratio at equilibrium with snow surface kg kg !.
Finally, the sensible heat and moisture fluxes from the canopy air to the lowest model

level are given below:

Fheo = —Cppaus T (2.14)

cha = —PaUxXx (2.15)

The flux parameters for momentum, temperature, and water vapor mixing ratio, (u., Tk,

and x, respectively), are based on surface similarity theory as described in Louis (1981).



Chapter 3

MODEL CONFIGURATION

3.1 Atmospheric Initialization

Three nested grids, as shown in Figure 3.1, are used in this study. The outer most
coarse grid covers most of North America and has horizontal grid intervals of 200 km. The
second grid covers a large part of the central U. S. and has horizontal intervals of 50 km,
while the innermost grid is centered on the Texas Panhandle with horizontal grid intervals
of 10 km. On the two outer grids vertical grid intervals range from 30 m near the surface
to 1000 m above the 5 km level. Vertical grid intervals on the fine grid range from 10 m
in the first 120 m to 1000 m above the 5 km level. The two coarse grids have a total of 47
levels reaching an altitude of about 18 km. The fine grid has 59 levels which also extend
to about 18 km.

The model is initialized at 12 UTC 18 March 1988 with the NCAR-NCEP reanalysis
(Kalnay et al. 1996) along with available surface and rawinsonde observations. The simu-
lation is run for 12 hours. The Smagorinsky (Smagorinsky et al. 1965) and Mellor-Yamada
(Mellor and Yamada 1982) turbulence schemes are used for horizontal and vertical dif-
fusion, respectively. Both shortwave and longwave radiation are parameterized using the
Chen and Cotton (Chen and Cotton 1983) routine. The boundaries of the outermost grid

are nudged toward the NCAR-NCEP reanalysis at the halfway point of the simulation.

3.2 Land-Cover Specification

For all simulations the 1 km AVHRR-derived OGE land-cover data is used to specify
the land cover in the regions outside of the fine grid. In the control simulation a 1 km

resolution version of the 30 m TM-derived NLCD is used to define the land cover in the
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