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ABSTRACT 

THE USE OF A SATELLITE-MODEL COUPLED SYSTEM TO STUDY SOIL MOISTURE 

EFFECTS ON MESOSCALE CIRCULATIONS 

It has been recognized that mesoscale circulations in numerical models are strongly 

influenced by soil moisture distributions. Because of the scarcity of in-situ soil moisture data, 

previous work has been done to use infrared heating rates observed from the GOES-7 satellite to 

derive approximate soil moisture amounts along with the Regional Atmospheric Modeling 

System (RAMS, version 3a). This research further studies this technique [the RAMS/GOES Data 

Assimilation (RGDA) method] by conducting sensitivity tests and analyzing several new case 

studies which involve different types of low level mesoscale circulations. Each case study was 

compared to a control run with homogeneous soil moisture initialization as well as to surface 

observations from National Weather Service stations and to microwave emissivity maps derived 

using data from the Defense Meteorological Satellite Program. 

The effects of several surface parameters were studied. Among them were soil type, soil 

top layer depth, amount of vegetation, and deep level soil moisture. The RGDA method was 

found to be moderately sensitive to soil type, soil top layer depth and to the amount of vegetation. 

It was not sensitive to deep level soil moisture initialization for sandy clay loam. In general, the 

RAMS model appeared to evaporate the assimilated soil moisture quickly and RGDA runs had 

cooler air temperatures and higher humidities than control runs. Use of the RGDA method 
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improved values of surface relative humidity maximums in all case studies. However, 

temperatures in the control were about 0.5 K warmer than in the RGDA method and matched 

observations better. 

All three case studies produced reasonable soil moisture fields from the RGDA method 

in cloud-free vegetated regions, as compared to microwave emissivity maps and recent rain 

events. The three cases using the RGDA method specifically studied breezes between wet 

cropland and lake regions (2 August 199 I), breezes between wet cropland and dry grassland 

regions (6 August 1991), and breezes between wet cropland and dry cropland regions (11 
~j 
) September 1991). These breezes could not be modeled without the knowledge of soil moisture 

1 fields obtained from the RGDA method. 
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Chapter 1 

Introduction 

1.1 Outline of Research 

This research will focus on the latest techniques to infer surface boundary conditions 

from atmospheric models using information from polar and geostationary satellites. Satellites are 

an important tool because of their ability to monitor nearly all portions of the earth at much 

higher resolutions (in space and time) than in-situ measurements. 

The first part of this thesis focuses on a new method to infer surface soil moisture 

developed by Jones (1996). This method is called the RAMS/GOES Data Assimilation and will 

be referred to as the RGDA, or simply the assimilation method. An explanation of the RGDA 

method and the equations used is given in this chapter. Chapter 2 studies the model run 

originally done by Jones (1996) and looks at sensitivities in the RGDA method by changing some 

of the initialization parameters. 

The second part of this thesis focuses on three new case studies using the RGDA method 

to retrieve surface soil moisture amoums .and study land-air interactions. Chapters 3, 4 and 5 

describe each new case study in depth and chapter 6 attempts to draw general conclusions about 

the assimilation method as well as about land-air interactions. Appendix is provided for those 

who have no background knowledge of the RGDA method and would like a qualitative 

description of how it works. 



There are five questions this thesis explores. 

I. What are the sensitivities of the RGDA method? (Chapter 2) 

2. Is the RGDA soil moisture field valid? (Chapter 3-5) 

3. Is RAMS treating evapotranspiration and infiltration in a realistic manner? (Appendix, 

Chapters 2, 4) 

4. Does the RGDA method improve upon a homogeneous soil moisture control run when 

comparing output to surface observations? (Chapters 3-5) 

5. What circulations can heterogeneous soil moisture generate in RAMS? (Chapters 3-5). 

In the future, answers to these questions will provide a basis for routinely remotely 

sensing soil moisture fields and using them in a numerical mesoscale model to study land-air 

interactions. The case studies presented here will also help atmospheric scientists predict which 

situations may require knowledge of soil moisture fields for successful numerical weather 

prediction. The assimilation can also be used to verify a numerical mesoscale model treatment of 

the ground surface (soil moisture, vegetation, lake features, evaporation and infiltration), because 

the observed satellite infrared (IR) heating rates are very close to ground truth surface heating 

rates. 

Each case study was for an area in the central plains during the summer of 1991 because 

microwave emissivity maps were available (Jones, 1996). These maps help validate the soil 

moisture fields generated by the RGDA method. Furthermore, each case study had to have clear 

skies in the morning hours for the RGDA method to work (lR ground temperatures needed to be 

retrieved via satellite). The questions (1-5) were complicated enough to warrant more than one 

new case study. The three cases chosen were: 

1. 2 August 1991, in order to study moderately wet soil around a lake region, 

2. 6 August 1991, in order to study soil moisture contrasts in an area of heterogeneous vegetation 

and 
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, 

3. II September 1991, in order to study soil moisture contrasts in an area of homogeneous 

vegetation. 

These cases are meant to describe some typical land-air interactions which occur due to 

heterogeneous surface soil moisture fields. 

1.2 Background 

A numerical weather model's frequent inability to properly place convective storms 

causes difficulty for modelers. As numerical weather models have become more sophisticated to 

study mesoscale events, there has been increasing concern about getting the model's lower 

boundary condition correct with respect to soil moisture and vegetation. Convection placement is 

very sensitive to soil moisture and vegetation parameterizations according to several dry line 

studies (Shaw, 1994 and Grasso, 1995). 

Findings from Gannon (1978) and McCumber and Pielke (1981) show that moisture is 

the most important soil variable for the study of land-air interactions and that in most cases it 

overrides the effects of changing surface albedo and changing soil texture and type. Not only is it 

important to infer surface soil moisture accurately, but it has also been shown by McCumber and 

Pielke (1981) that numerical weather models are sensitive to soil moisture profile as well. 

Segal and Avissar (1988) studied the generation of thermally-induced flows between 

vegetation and bare soil. They found that some circulations which developed were on the same 

order as a sea breeze when the synoptic flow was specified as calm in the model. They called 

these "nonclassical mesoscaJe ~irGylations" .(NCMC's).Segal d aL (1989)-COmhined satellite, 

observational and modeling approaches to study circulations between irrigated areas and dry land 

regions in northeast Colorado. For three case studies they found that NCMC's were very weak 

due to significant terrain-forced and synoptic flow (0-5 m/s). This work is similar, but will focus 

on the effect of horizontal variability in soil moisture during non-negligible synoptic flows 

3 



(generally 5-10 m/s) with very weak terrain-forced flow. Emphasis is placed upon modeling 

these flows because observations do not have high enough spatial resolution to confirm the 

existence ofNCMC's for the periods being studied. 

There are several indices based on satellite data to infer surface soil moisture [e.g. Soil 

Wetness Index (SWI) from the National Oceanic and Atmospheric Administration (NOAA), 

described by Achutuni et aI., (1994) and the Soil Moisture Index described by McFarland and 

Neale (199])] and vegetation type [e.g. the Normalized Difference Vegetation Index (NDVI)]. 

There have also been techniques developed to map microwave surface emissivities using 

microwave and infrared satellite data (Jones, 1996). Some microwave channels (e.g. 19.35 GHz) 

on polar orbiting satellites are able to infer soil moisture several inches below the surface. 

However, these channels have low horizontal resolution (69 x 43 km), and this low resolution has 

led investigations to the possibility of using visible and IR data to infer soil moisture. McNider et 

at. (1994) uses a technique that infers soil moisture terms by using observed IR temperature 

changes and placing them into the surface energy budget equation. Gillies and Carlson (1995) 

have developed a method that uses a "universal" triangle to derive surface moisture availability 

using the NDVI along with satellite data from the Advanced Very High Resolution Radiometer 

(AVHRR). 

Methods which don't use satellite data to specify soil moisture are popular because they 

are easy to implement. The Antecedent Precipitation Index (API) is frequently used to initialize 

RAMS. This index takes into account the amount of rain which falls in the domain but does not 

include irrigation effects or distinguish between vegetation or soil types. Also, the API 

underestimates precipitation if rain or snow occurs where there are no surface observations. 

There is also the Weekly Crop Index available for use, but this is dependent on the types of crops 

being planted in the area. 
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1.2.1 The McNider et al. Method 

This method is described by McNider et al. (1994). A short summary is provided here, 

and the RGDA method will be summarized in the next section. 

The technique uses the surface energy equation (Blackadar, 1979): 

where Cb is the ground surface heat resistance (l1(K m2), T is the temperature (K), Rn is the net 

radiation at the surface (WI m2), E is the latent heat flux (WI m2), H is the sensible heat flux (WI 

m2), and G is the soil heat flux (WI m2). The latent heat flux term in the surface energy budget is 

assumed to be most difficult to quantify. The technique assimilates IR satellite-observed surface 

skin temperature tendencies into the model's surface energy budget (equation 1.1). The predicted 

rate of temperature change from the model is altered so that it conforms more closely to observed 

rate of temperature change from satellite while being energetically consistent. This is done by 

analytically solving Monin-Obukov similarity expressions (Stull, 1988) to get a soil moisture 

value that gives correct temperature change in the surface energy budget. 

There are several assumptions and conditions that must be satisfied. One must be doing 

short-term prediction or diagnostic modeling where frequent external adjustment is allowed. 

Cloud-free views of the surface must be frequent for the time period being modeled. The largest 

error in the surface energy budget must be the availability of surface moisture. This means that 

errors in specifying parameters such as wind speed, surface roughness and ground surface heat 

---res-tstaneemttSt-be"Small compated to the errorsinthe~a-celrfoISfiiftnerms~ ---- -- --- --

The benefit of this technique is that one avoids having to specify many parameterizations 

of vegetation and soil processes. Absolute calibration of the satellite sensor is not needed 

because it only deals with rate of change of surface skin temperature and not absolute surface 
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skin temperature. Use of geostationary satellites will avoid some problems involving viewing 

angle dependence which are found using polar orbiting satellites. 

The main drawback with this method is that ground surface heat resistance and thermal 

inertia values are difficult to quantify. This topic is explored in Carlson et a!. (1981), the TELL­

US model described by Rosema et a!. (1978), the Apparent Thermal Inertia quantity described by 

Pohn et a!. (1978), and Price (1982). McNider et a!. used the inverted fonn of equation 1.1 to 

solve for ground surface heat resistance using observations for the net energy fluxes and change 

of skin temperature measured in FIFE [the First ISLSCP (International Satellite Land Surface 

Climatology Project) Field Experiment] for a Kansas prairie site. The quantity varied wildly 

between -50,000 J/(K m2) and +50,000 J/(K m2) due to very small rates of change in skin 

temperature as weB as variations in energy fluxes. 

1.2.2 A quantitative description of the RGDA method. 

This method is more detailed than the McNider et al. method because satellite forcing is 

partitioned between bare soil, shaded soil, water and vegetation. Each grid cell in RAMS is 

evaluated using United States Geologic Survey (USGS) datasets which include NDVI based 

vegetation fractions. The satellite-observed change in temperature with respect to time is 

assumed to be the correct ground surface heating rate and the model error in this value is 

assumed to be caused by the latent heat flux tenn in the surface energy bUdget. 

The model is then forced by satellite data to obtain the correct heating rate by moistening 

___ ~ dryif!Kollt_bare and shade_(L~oil (theiQrcing is proJ)J)rtiooaLto.-the percentage-Ofbare_aru;l. __ _ 

shaded soil coverage in the grid cell) as well as altering the vegetation moisture profile. Because 

wet soil heats slower than dry soil, a grid cell that heats too quickly is corrected by increasing soil 

moisture. In extreme cases a grid cell may flood to produce the correct heating rate. If the model 

is heating up too slowly, the soil is assumed to be overly moist and the model is forced to dry it 
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out. In principle, this should work for times of both heating and cooling during the day. 

However, the method tends to become unstable during times of cooling because the latent heat 

tenn can no longer be assumed to be the most unknown tenn in the surface energy budget (Jones, 

1996). 

A convenient part of the method is that one need not find the ground surface heat 

resistance, as parameterizations in the model for thennal inertia for water, bare soil, shaded soil 

and eighteen different vegetation types are already in RAMS. The percentage of vegetation, 

water, and bare soil must be known fairly accurately for each area being modeled. The equation 

for the RAMS heating rate is shown below. 

u ,L ot v ot w ot ( 1.2) (:Tt ) == f (OTL) + J; (OTv) + J; (OTw) 
m m "' m 

The subscripts L, Vand W represent land, vegetation and water. The f denotes the fraction of the 

grid cell occupied by the subscript tenn. The subscript m denotes that the tenns are from the 

model, not the satellite. The assimilation assumes 

(":;) =0 (1J) 

and that all fractional tenns are correct. The time rate of change for land temperature and 

vegetation temperature are adjusted by changing latent heat flux in the surface energy budget, 

particularly the ground surface friction humidity tenn. 

Q'OPSOillayer.adjusted == QtoPSO;/Iayer,unadjusled + M (1.4 a) 

(1.4 b) 

Here Q represents net flux at the surface, E represents latent heat flux at the surface, Lv 

represents the latent heat of vaporization, Pa is the density of air, u is the wind speed just above 

the surface, and q is the ground surface humidity. An asterisk indicates a friction quantity (Jones, 
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1996). The assimilation must change heating rates while keeping relative magnitudes of different 

heating rate components the same, i.e. 

(1.5) 

The governing equation for updating the time rate of temperature change for land 

becomes: 

(1.6) 

A solution for a new surface soil moisture value (Jones, 1996) is iteratively found using 

Newton's method. When surface soil moisture values converge, the time rate oftemperature 

change for land stops being updated. The value for time rate of temperature change for 

vegetation is a function of (OTL) and (OT) and a corresponding vegetation moisture 
ot. 01 

adjusted s 

content is then calculated for the vegetation profile. 

The volumetric soil moisture amounts measured in the field are generally representative 

of bare soil moisture. Because of this, bare soil moisture is analyzed here rather than shaded soil 

moisture or moisture in the vegetation column. Jones (1996) found that bare soil moisture was 

fairly representative of shaded soil moisture and vegetation moisture, although bare soil moisture 

evaporated faster. 

The assimilation of satellite data was done using PORTAL (Polar Orbiter Remapping and 

Transformation Application Library) files (Jones, \995) to grid the data into the RAMS 

projection space. The IR data was first processed to generate cloud-free files using a threshold 
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technique classifying everything cooler than 280 K in the 11 Jlm IR channel to be a cloud. 

Surface heating rate files were generated for the RAMS projection space and converted to ASCII 

format to use in the model. Each assimilation period was one hour long. Each model run was 

twelve hours long (12z to OOz). 

As shown in the equations, soil moisture maps derived from the RGDA method are 

obtained directly from change in temperature as seen from the IR channel of GOES-7. Figure 1. 

I shows ground surface heating rates derived from IR satellite data at 15:31z and 16:0Iz. The 

brightest shades represent the largest heating rates (a 3 K increase during the half hour period, for 

areas not contaminated by clouds). Cloud-cleared areas are in black. The darkest shades of grey 

represent the lowest heating rates (0-1 K increase during the half hour period). The lowest 

heating rates should correspond to the wettest anO/or most vegetated regions. The RAMS model 

is needed to derive soil moisture values from the satellite data because it has a database of 

vegetation types. RAMS also is initialized with the morning's weather and should have some 

estimates as to how much of the ground surface heating rate is due to temperature advection (i.e. 

perhaps very cold air is moving over dry soil, lowering the heating rate). 

One can see in Figure 1. 1 that the lowest heating rates are in the eastern central plains 

and that higher heating rates are in the western central plains. This pattern also occurs in soil 

moisture maps produced after the assimilation in the 8 September case, as shown in Figure I. 2. 

The soil moisture for 9 September is similar, but more cloud-contaminated, and so is not shown 

here. Percent soil moisture refers to volumetric soil moisture (kg waterlkg water at saturation). 

There are three different cases sho~n in Figure I. I and Figure 1. 2. The region labeled" I " is a 

dry region heating about 5 Klhr. The region labeled "2" is a wet region heating between 0 and I 

Klhr. The region labeled "3" has been cloud-cleared. Cloud-cleared regions will have a soil 

moisture amount which is a function of the specified initialization of volumetric soil moisture. 

This is the same value that RAMS would generate if there were no assimilation, and is almost 
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always the same or drier than regions using the RGDA method (see Appendix). Both the 8 and 9 

September 1991 cases have significantly large cloudy regions affecting the assimilation's 

retrieval of soil moisture. These are seen as the black regions in the time rate of temperature 

change maps. The high heating rates (up to 13 Kfhr) are not due to land heating up at that rate; 

instead they are due to a moving cloud which was not eliminated. These regions are generally on 

the border of cloud-cleared regions and can be avoided by choosing a domain to study that lies 

several kilometers away from cloud-cleared regions. 

1.3 RAMS 

1.3.1 Lower Boundary Conditions as currently used in RAMS version 3a 

The prognostic soil model and vegetation model that RAMS uses is described by 

McCumber and Pielke (1981) and Tremback (1990). Initializing RAMS consists of databases 

which include topography, sea surface temperature, land percentage, vegetation distribution and 

soil type. RAMS is normally run with homogeneous soil type distribution and surface soil 

moisture content set at a constant value. Unfortunately, soil type and moisture distribution is 

nearly always heterogeneous over moderately sized domains. Vegetation parameterizations are 

derived using the Biosphere-Atmosphere Transfer Scheme (BATS is described by Dickinson et 

a!., 1993) where there are 18 land types specified and from which the Leaf Area Index (LAI) and 

fractional vegetation amounts can be estimated. Because the model runs were for summertime 

periods in the central plains, the LAI was limited to a value of 3 (following Shaw, 1995). 

o mo· __ RAMS.isfairly-fleKWle-abettt alfflwing-user-inptrtnfdiffel euLtype-s-of surface boundary 

conditions in the model. The Antecedent Precipitation Index (API) has been used (Shaw, 1995 

and Copeland, 1995) as have improved vegetation and soil type distributions (Copeland, 1995). 

However, the initialization which is easiest and most frequently used is a constant surface soil 
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moisture content and the BATS vegetation description. This is what will be used for all control 

runs. 

1.3.2 RAMS Initialization and Configuration 

Initialization information (soundings, surface observations and National Meteorological 

Center pressure data) was provided by the mass storage system at the National Center for 

Atmospheric Research (NCAR). Table 1. 1 describes the RAMS options chosen for all the runs. 

Only very basic microphysics has been used in the model. Water vapor is allowed to 

condense to cloud water wherever supersaturation is attained, but no other forms of liquid or ice 

water are used. The vertical equation of motion includes the positive buoyancy effect of water 

vapor and the liquid water loading of cloud water. Rain, pristine ice, snow, aggregates and hail 

are not activated microphysical parameters in the model runs. The reason for these 

simplifications is to focus on more direct effects of land-air interactions (wind speed just above 

the surface, surface air temperatures and surface relative humidities) rather than indirect effects 

such as cloud microphysics or the amount ofrain or hail generated by a particular storm. 

Obviously, with this microphysics, RAMS is not allowed to add soil moisture to the domain by 

raining. These studies focus on how RAMS reacts to soil moisture variations which have been 

derived from satellite data. 

Soil type is important when analyzing land-air interactions. RAMS has twelve different 

soils to choose from; all (except peat) are based on the USDA soil classification pyramid. Four 

parameters are particuJar1y impQI1:ant to consider when choosing a ground surface-type. The dry 

soil thermal diffusivity gives a value for how quickly heat can transfer through soil layers. The 

saturation soil hydraulic conductivity governs how easily water can move through the soil 

column. The dry soil volumetric heat capacity controls how much energy is needed to heat the 

soil. The saturation volumetric moisture content gives a number for the maximum amount of 
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water the ground can absorb. Table I. 2 shows the values for these parameters as a function of 

RAMS ground cover type. This work follows Shaw's 1995 work in the central plains and uses 

sandy clay loam as the soil type. 

Vegetation type is also important, particularly its albedo, fractional vegetation amount 

and LAI. The most important vegetation types in the central plains and parameters associated 

with them are shown in Table 1.3. The higher the albedo the more solar radiation that is 

reflected away. The vegetation fraction indicates the percent of each grid cell covered with the 

specified plant type. The leaf area index roughly corresponds to how much the specified plant 

type transpires due to the amount of leaves it has. 

1.4 Instruments and station observations used in case studies. 

1.4.1 Archived data used to initialize the RAMS model 

All model runs used in this study were initialized at 12:00z with archived data prepared 

by the Data Support Section in the Scientific Computing Division at the National Center for 

Atmospheric Research. The data consisted ofNMC surface analyses, NMC upper air 

observations and NMC global analyses of2.5 degree gridded pressure. 

1.4.2 GOES-7 Data 

The visible and IR data for all case studies are from the Visible-Infrared Spin Scan 

Radiometer (VISSR) sensor on the GOES-7 satellite. The sensor was operating in the 

multispectral imaging (MSl}.m.ode-and provided iftfr-ared imagery at It.2 flm (channel S) with 4 

km x 8 km nominal resolution. Visible imagery had 1 km x 1 km nominal resolution. Because 

satellite data used in the RGDA method involves rate of temperature change, absolute calibration 

of GOES-7 datasets is not required. 
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1.4.3 Defense Meteorological Satellite Program Special Sensor Microwave Imager (DMSP 

SSMII) Data. 

The datasets used to generate microwave surface emittance maps were from the GOES-7 

VISSR sensor and from the DMSP SSMII sensors. All emittance maps were processed by Jones 

(1996). 

The SSMII used was from the DMSP F-8 and F-lO sun-synchronous satellites. The 

emissivity maps shown are from channel 7 on the SSMII. Channel 7 has a frequency of 85.5 

GHz, horizontal polarization and an effective field of view of 15 x 13 km. The datasets were 

sampled at 12.5 km intervals with 128 scan-line elements (Jones et ai., 1995). 

1.4.4 National Weather Service (NWS) stations. 

Each NWS station takes surface observations every hour. These surface observations are 

used to create NMC surface analysis every three hours. Surface observation accuracy varies 

greatly depending on instrument placement, instrument quality, and the instrument operators. 

The spatial resolution of the NWS stations probably is not enough to diagnose mesoscale breezes. 

However, the stations provide some ground truth which can tell whether or not the models are on 

the right track. 

1.4.5 Cooperative precipitation data. 

The cooperative precipitation datasets were obtained from the data support section of 

NCAR. This dataset provided a summary of the day from many stations across the country. 

Each station takes precipitation measurements once a day using a rain gauge. The quality of the 

measurements are not as high as the measurements from NWS due to low temporal resolution. 

However, spatial resolution of the data is higher than for NWS stations. For this reason co-op 
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precipitation data was useful for understanding surface soil moisture amounts and finding out if 

wet soil regions were due to rain events. 

Excursus: The relationship hetween volumetric soil moisture and measured daily 

evapotranspiration. 

The agricultural community frequently measures daily evapotranspiration. The RGDA 

method alters volumetric soil moisture. Relating these two quantities is therefore important. 

Suppose one has 20% volumetric soil moisture (averaging bare and shaded soil components) in 

the top layer of sandy clay loam soil before the RGDA method and 30% volumetric soil moisture 

after the RGDA method. How much more water has been added? 

At 20% volumetric soil moisture one can use the saturation volumetric moisture for 

sandy clay loam in Table I. 2 to find the actual amount of water in the soil. 

0.20 x 0.420m
3
water = 0.084 m

3
water 

m3 soil m3 soil 
(1.7). 

However, this is only true for the top layer of soil. Perhaps the top layer is 3 cm deep. Now, 

0.03mx 0.084m
3
water 0.00252m

3
water 

m3 soil m2 soil 
(1.8) 

If all the water evaporates out during the day, 0.00252 m of water will evaporate from 

each square meter of land. This is the same as a daily evaporation value of 0.00252m or about 

0.10 inches. 

At 30% volumetric soil moisture one has 

14 



OJOx O.420m
3
water x O.03m = O.00378m

3
water 

m3 soil m2 soil 
( 1.9). 

In this case the daily evaporation value would be about 0.15 inches. The actual value of 

evapotranspiration (which includes the effects of transpiring vegetation) would be higher. The 

net change in daily evapotranspiration due to soil moisture using the RGDA method would be 

about .05 inches. With such a small change in the net daily evapotranspiration, one might 

wonder if the RGDA method is working within the noise of the system. The importance of the 

RGDA method is not just in the daily moisture flux; it is also important for the partitioning of 

latent and sensible heat flux at the surface. In the absence of temperature advection, air over wet 

land will not heat up as quickly as air over dry land. Jones (1996) has done sensitivity tests 

which show that the RGDA method is not significantly affected by random noise in the satellite 

data. There is a clear signal of soil moisture when using the RGDA method and it is not within 

the noise of the system to be looking at evapotranspiration and analyzing surface heat fluxes 

surface due to assimilated soil moisture. 
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Table 1. 1 RAMS version 3A options for all runs in this study. 

Category 
initialization 
radiation 
lateral boundary condition 
top boundary condition 
continuity equation 
advection 
timestep 
time differencing scheme 
top soil layer depth 
soil type 
Vegetation fraction 
Satellite forcing in RGDA method 

Table 1. 2 Soil types in RAMS. 

sand 
loamy sand 
sandy loam 
silt loam 
loam 
sandy clay loam 
silty clay loam 
clay loam 
sandy clay 
silty clay 
peat 

Dry soil thermal 
diffusivity 

m2/sec 

2.40E-7 
2.37E-7 
2.34E-7 
2.29E-7 
2.24E-7 
2.15E-7 
2.09E-7 
2.09E-7 
2.00E-7 
1.94E-7 
1.00E-7 

RAMS option 
variable 
Mahrer and Pie Ike (1977) 
KlemplWillhelmson (1978) 
wall on top 
nonhydrostatic 
second order 
30 sec 
forward timestep/leapfrog timestep hybrid 
3cm 
sandy clay loam 
50% BATS fractions (see p.21) 
top layer only 

Saturation soil Dry soil Saturation 
hydraulic volumetric heat volumetric 
conductivity m/s capacity J/m3 K moisture content 

m3/m3 

1. 76E-3 1.47E+6 3.95E-l 
1.56E-4 1.41E+6 4.10E-l 
3.47E-5 1.34E+6 4.35E-l 
7.20E-6 1.27E+6 4.85E-l 
6.95E-6 1.21E+6 4.52E-l 
6.30E-6 1. 18E+6 4.20E-l 
1.70E-6 1.32E+6 4.77E-l 
2.45E-6 1.23E+6 4.76E-l 
2.17E-6 1.18E+6 4.26E-l 
1.03E-6 1.15E+6 4.92E-l 
8.00E-6 8.74E+5 3.63E-l 

Table 1. 3 Common vegetation types found in the great plains and the parameters 
used in this study. 

albedo vegetation fraction leaf area index 
crop/mixed farming 20 43 3 
short grass 26 40 2 
tall grass i6 40 3 
evergreen shrub 10 40 3 
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Figure 1. 1 Ground surface beating rates derived from cloud-cleared GOES-7 IR images 
between 15:31z and 16:0lz for 8 and 9 September 1991. High heating rates are indicated 
by the lightest shades (1), low heating rates by the darker shades(2), and cloud cleared 
regions in black (3). 
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Figure 1. 2 Examples of assimilated soil moisture map for 8 September 1991. Areas 
with only a few contours are generally dry regions or cloud-cleared regions (as 
shown in previous figure). Areas with lots of contours have soil moisture values> 
24%. 
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Chapter 2 

Sensitivities of the RGDA method 

There are four initialization parameters that must be specified to use the RGDA method 

but for which there are very few in-situ observations. These are the top layer soil depth, the 

moisture in the deep levels of soil, the fractional amount of vegetation and the homogeneous soil 

type. It is likely that one or more of these parameters will be specified incorrectly by the RGDA 

method user and so sensitivity tests must be done to see how important each one is. In this 

section, values for each of the parameters which are just or almost as reasonable as the values 

chosen by Jones, 1996 will be used to initialize the 8 September 1991 case. 

2.1 Changing the depth of the top soil layer 

In RAMS there are 11 soil layers (layer 11 is at the surface). The assimilation matches 

the heating rate of layer 11 to the IR heating rate viewed by the satellite. It is very difficult to 

know how deep this top soil layer should be. This top layer should have homogeneous properties 

(how compact it is, how much moisture it contains and its temperature) throughout. Most 

importantly in the RGDA method, this layer should reflect what the IR channel of the satellite is 

sensing. Jones (1996) assumed this layer to be 3cm deep, which is a typical value used in 

RAMS. However, it is reasonable to think that this layer might be thinner, particularly because 



the satellite is really only sensing ground skin temperature. Hence, a run which was the same as 

Jones' run except with a slightly different soil layer profile (see Table 2. I) was done. 

The results of this run showed that ground temperatures were 1.0· C warmer at 1600z for 

the smaller top layer. Figure 2. I shows the regions where bare soil temperatures are warmer 

than 303 K at the ground. The Present run has warmer bare soil temperatures. However, because 

the surface layer is smaller the soil moisture maps look slightly different between runs (Figure 2. 

2). A thinner surface layer will not need as much forcing by adding soil moisture in the 

assimilation as a larger surface layer because it has less thermal inertia. 

Because the soil moisture map was drier in the new run and the ground layer thinner, the 

soil moisture evaporated faster than it did in the Jones run. The lack of in-situ measurements for 

the soil top layer depth is a problem which can cause errors when predicting surface temperatures 

using RAMS. This parameter also governs the speed at which the RGDA method's soil moisture 

map evaporates and so is important when calculating latent and sensible heat fluxes throughout 

the day. However, problems associated with the specification of the top layer depth are not as 

significant when looking at general patterns of surface soil moisture. 

2.2 Full Column Forcing 

The IR sensor on a satellite can only sense skin temperature. Because of this, only the 

top layer is forced with satellite data in the RGDA method. The moisture at the surface layer is 

therefore physically based. The other ten layers are more difficult to specify without in-situ 

measurements. Sometimes th.e top layer 9J soil is_more wet than the bottom ten byers and 

sometimes it is more dry. Jones (1996) initialized the bottom ten layers of soil to be 25% 

volumetric soil moisture because this value is typical in RAMS. What if one instead decided to 

make the assumption that the bottom ten layers had the same volumetric soil moisture as the top 

layer of soil? 
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An attempt was made to force the entire column of soil rather than just the top layer. 

This was done by having the RGDA method calculate the new soil moisture amount for the top 

layer and then set the bottom ten layers to have the same soil moisture content as the top layer. 

The top layer was set at 0.5 cm deep. The hypothesis was that soil moisture gradients would be 

maintained for a longer period of time with full column forcing because moisture would infiltrate 

up to the top layer as the top layer was evaporating. However, this did not appear to happen. 

Instead, the run was almost exactly the same as the top-layer only forcing run. Figure 2. 3 shows 

that full column forcing did not change the behavior of the top layer of soil (layer II), but did 

change the behavior of the lower layers (i.e. layer 10). In effect the lower layers were not 

coupled to the top layer of soil. They remained moist while the top layer evaporated out all of its 

moisture. Because the atmosphere is only altered when the top layer of soils behavior is altered, 

the run with full column forcing was the same atmospherically as the run with only top layer 

forcing. 

This run used sandy clay loam soil. Future research may involve trying full column 

forcing with sandier soil which may be able to diffuse moisture up to the top layer from the 

bottom layer. A sandy run was attempted (see section 2.4) in this research, but with only top 

layer forcing. The most common soil types in the great plains region are loam and sandy clay 

loam soil (Soil map of the world, 1975). 

2.3 RGDA method with half the original BATS vegetation. 

A suggestion by Jones (1996) wasthat the vegetation fractions specified for the plains in 

September by the BATS scheme in RAMS were too high. The reason for this is because in 

September the fields in the plains have been harvested and the vegetation fraction should be 

lower. A 100% vegetation fraction in the RGDA method implies that the heating rate in the area 

is independent of bare soil moisture and so only the moisture of the vegetation component is 
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altered. A 0% vegetation fraction in the assimilation implies that the heating rate is not 

dependent on vegetation at all and is highly dependent on soil moisture. A typical value for 

vegetation fraction in a grid cell is about 80% and Jones has suggested that it may be more like 

half that after harvesting. Hence, the next run was with a 0.5 cm top layer and all the BATS 

specified vegetation fractions divided by two 

The air temperatures in the 50% vegetation run were between 0.5 and 1 degree warmer 

than the air temperatures in a comparable run with 100% BATS specified vegetation fraction 

(M049) at 20z (Figure 2.4). 

The bare soil moisture map is more wet in the 50% vegetation run (Figure 2. 5). This is 

because ground surface heating rates are much more dependent on bare soil. These results 

demonstrate that the RGDA method is sensitive to vegetation fraction, although the method still 

generates similar soil moisture patterns overall. 

2.4 Sand vs. Sandy Clay Loam 

From section 2.2 it is clear that surface bare soil moisture was evaporating in the 8 

September case faster than it was allowed to infiltrate into the soil. Jones (1996) suggests that 

this may be due to high winds in the area of forcing. However, it could also be due to diffusion 

coefficients characteristic to sandy clay loam soil. As there are many different soil types in the 

satellite forcing region and they are of different textures and compactness types, it could be that a 

different soil type would be chosen for the RAMS run. Shaw (1995) and Grasso (1996) both used 

sandy clay loam forthe central plains region _WiJhgood modeling reSllltsHowevef, sand allows 

more infiltration of water than sandy clay loam soil and so should provide some interesting 

comparisons. This run is exactly like the Jones run (3 cm top layer, top layer forcing, and 100% 

BATS vegetation) but with sand specified for the soil. The sand is still initialized with 25% bare 

soil moisture to be consistent with the sandy clay loam run. McCumber and Pielke (1981) suggest 
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that a realistic surface soil moisture value for sand is about 7% soil moisture in the south Florida 

region, so it is expected that the sandy run will be too wet overall. 

2.4.1 Large scale observations 

At 16z the sand run has much cooler bare soil temperatures. Only a small portion of the 

domain is greater than 303 K at the ground (Figure 2. 6). Sand that is 25% wet stays cooler than 

sandy clay loam which is 25% wet, in part because the albedo of wet sand is higher than the 

albedo of wet sandy clay loam. The top layer in the sandy run is not initially as moist as the top 

layer in the sandy clay loam run because water is infiltrating to deeper levels. One can see from 

the 16z and 20z soil moisture maps that sand is better at maintaining soil moisture gradients than 

sandy clay loam (Figure 2. 7). This is due to the fact that water is better able to diffuse between 

layers in sand than in sandy clay loam. Moisture may go deeper into the sandy layers during the 

assimilation, but it is also able to come back up to the top layer as the top layer evaporates. The 

cooler temperatures of the sand also limit some evaporation. 

We can see the infiltration of the water into deeper soil layers by looking at the layer just 

below the top layer (layer 10) in Figure 2. 8. Recall from Figure 2. 3 that at 20z there is no 

horizontal soil moisture gradient in layer 10 for sandy clay loam. 

2.4.2 Small scale observations 

The latent and sensible heat fluxes are shown in Figure 2.9. One can see the effect of 

the maintenance of the soil moisture on partitioning between latent and sensible heat. The latent 

heat and sensible heat follow a pattern where the diurnal cycle controls their magnitudes more 

than the amount of soil moisture left in the top layer. This was not the case for sandy clay loam 

soil (see Appendix). 
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The large values for latent heat imply that there is a lot of evaporative cooling. We can 

see this in the temperature and humidity time series for a wet region. The surface air 

temperatures are low compared to the sandy clay loam run (Appendix). One can see that sand is 

not releasing sensible heat into the air as effectively as sandy clay loam. This is illustrated in 

Figure 2. 10 and in Appendix. The relative humidity is much higher for the sandy run than the 

sandy clay loam run, showing that moisture is being released into the air from wet sand. 

In dry sandy regions the sand heats up very slowly before the assimilation. After the 

assimilation takes place the heating rate is significantly higher than it was before the assimilation. 

The assimilation is able to raise the natural heating rate of sand but was not able to do this with 

sandy clay loam (see Figure 2. 11 and Appendix). 

Although sand does not appear to be the best soil choice for the central plains it looks as 

if the RGDA method may have the most influence and work better in sandy regions. 
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Table 2. 1 Soil column layers for Jones run (3cm top layer) and Guch run (O.Scm top 
layer). 

Soil Level 
II 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Jones run 
0-3em 
3-6 em 
6-9 em 
9-12 em 
12-16 em 
16-20 em 
20-25 em 
25-30 em 
30-40 em 
40-50 em 
50-100 em 

Guchrun 
0-0.5 em 
0.5-1.5 em 
1.5-3 em 
3-6 em 
6-9 em 
9-12 em 
12-16em 
16-20 em 
20-30 em 
30-50 em 
50-100 em 
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m048 9-8-91 Grid 1 m049 9-8-91 Gnd 1 

bare soil temp. (K) bare soil temp. (K) 
z = .00 m t = 1600 UTe z = .00 m t = 1600 UTe 

Figure 2. 1 Regions for bare soil temperatures> 303 K for the Jones run (m048) and the 
Guch run (m049) at 16z. M049 has a smaller top layer and thus warmer ground 
temperatures. 

m048 9-8-91 Grid 1 m049 9-8-91 Grid 1 

bare soil moisture (%) bare soil moisture (%) 
z = .00 m t = 1600 UTe z = .00 m t = 1600 UTe 

Figure 2. 2 Regions of percent bare soil moisture> 24% (wet soil) for the top layer=3.0 em 
(m04S) run and the top layer =0.5 em (m049) run. Maximum soil moisture is 63% for both 
cases. Areas marked with "x" are dry. 
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m049 layer 11 Grid 1 m049 layer 10 Grid 1 

bare soil moisture (%) bare soil moisture (%) 
z = .00 m l = 2000 UTe z = .00 m l = 2000 UTe 

m051 layer 11 Grid 1 m051 layer 10 Grid 1 

bare soil moisture (%) bare soil moisture (%) 
z = .00 m l = 2000 UTe z = .00 m l = 2000 UTe 

Figure 2. 3 Bare soil moisture percent for top layer forcing (m049) and full column forcing 
(mOSt), each with a O.S cm top soil layer. Layer 11 represents the top layer of soil and layer 
to represents the layer jusfbeIieath the top layer.' Compare wet soil regions to those in 
Figure 1. 2. 
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m050 9-8-91 Grid 1 m049 9-8-91 Grid 1 

temperature (C) temperature (C) 
z = 48.3 m t '" 2000 UTe z = 48.3 m l '" 2000 UTe 

Figure 2. 4 Temperatures for a run with 50% BATS vegetation (m050) and a run with 
100% BATS vegetation fractions (m049). The contour interval is 1 . C and temperatures> 
32 . C are shaded. 

m050 9--8-91 Grid 1 

bare soil moisture (%) 
z = .00 m t =i600 UTe 

Figure 2. 5 Bare soil moisture> 24% (wet soil) for 50% vegetation and 0.5 cm top layer 
run. Compare with Figure 2. 2. 
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m0529-8-91 Grid 1 

bare soil temp. (K) 
z = .00 m l = 1600 UTe 

Figure 2. 6 Regions for temperatures> 303 K at tbe ground for tbe sandy run (m052), 3.0 
em top layer. Compare witb the sandy clay loam run in Figure 2. 1. 

m052 9-8-91 Grid 1 m048 9-8-91 Grid 1 

bare soil moisture (%) bare soil moisture (%) 
z = .00 m t = 2000 UTe z = .00 m l = 2000 UTe 

Figure 2. 7 Bare soil moisture> 24% for 20z for the runs m052 (sandy soil, 3.0 em top 
layer) and m048 (sandy clay loam soil, 3.0 em top layer). 
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m052 layer 10 Grid 1 m052 layer 10 Grid 1 

bare soil moisture (%) bare soil moisture (%) 
Z = -.03 m l '" 1800 UTe Z = -.03 m l '" 2000 UTe 

Figure 2. 8 Bare soil moisture> 24% for sandy run at the layer just below the surface, 
layer 10. 
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Figure 2. 9 The latent and sensible heat fluxes at the surface for the m052 case (sandy soil, 
wet region). 
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Figure 2. 10 Surface temperature (C) and relative humidity values for a wet region in the 
sandy run (m052). 

m05Z dry 9-6-91 Grid 1 
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Figure 2. 11 Ground temperatures (K) and bare soil moisture (%) for a dry region in the 
m052 run with sandy soil. Compare with Figure A.4. 
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Chapter 3 

Case Study: 2 August 1991. Moderately wet soil around a lake region . 

., 
1 
j 

This case study is for a very hot and sunny day over the plains. The grids for this case 

were chosen to maximize the availability of IR data at the ground surface in the third (highest 

I spatial resolution) grid. Figure 3.1 shows the rate of temperature change for the period between 

15:01-15 :31 z which is used to develop the soil moisture map. Based on this, Figure 3.2 and 

Table 3. 1 describe the model grids used for this run. 

3.1 Validity of the assimilated soil moisture field 

Failures of the cloud clearing scheme are the most likely cause of errors in the satellite-

derived soil moisture field. The smallest grid (5 km spacing) for this case contains very little 

contamination by clouds (Figure 3.2). However, it is difficult to find an area completely sunny 

and Figure 3.1 shows cloud contamination near the third grid between 15:0 I z and 15:3 I z in the 

dashed circle. The white spot in the region represents a very high heating rate and the dark spot 

represents very low heating. This is a small, warm cloud which was not detected during the 

cloud clearing scheme. It was at the white spot at 15:01z and moved to the dark spot at 15:3Iz. 

An improved cloud clearing scheme would improve the assimilation technique. As it is now, the 

dark region falsely corresponds to wet soil. 



1 

J 

Heterogeneous soil moisture was not the main factor in picking this case study; instead it 

is discussed as an example of a typical summer day in the great plains. The microwave 

emissivity map in Figure 3.3 (3 August 1991 is shown) suggests some moisture variations in the 

small grid area, many of which are small lakes. Looking at the visible image in Figure 3.4, one 

can see some cloudy areas in low emissivity regions on the west side of grid 3. These low 

emissivity regions are probably due to clouds and not to high soil moisture. 

The general pattern of the soil moisture values is that the northeast part of grid 3 is the 

most wet (Figure 3.5). The reports of total precipitation for 28 July 1991-3 August 1991 (Figure 

3. 6) suggest that a pattern of surface wetness similar to the one modeled using the assimilation in 

grid 3 could exist. No significant rain fell in grid 3 on 3 August 1991. The microwave emissivity 

map for 3 August 1991 also has a pattern similar to the weekly precipitation amount, except in 

the western portion of grid 3 where the emissivity map was contaminated by clouds. 

One application of the RGDA method is to evaluate the accuracy of the model's 

positioning of lake features. A lake which is too small in the RAMS initialization will generate 

wet soil regions surrounding it after the assimilation. A lake which is too large in the RAMS 

initialization will generate dry soil regions surrounding it. Figure 3.7 shows the bare soil 

moisture mapping generated one time-step after the assimilation with prominent lakes labeled. 

Two-thirds of the lakes are surrounded by wet soil and one third are surrounded by dry soil. 

However, one case study is not enough to figure out ifthis is due to actual soil moisture 

conditions or errors in the model initialization of the lake features. 

Usually more important than the last ten days of precipitation for the soil moisture map 

are the last 10 hours. Radar reports and cooperative precipitation data are not shown for this case 

because there was no rain reported in grid 3 on either 1 August 199 I or the hours before 16z on 2 

August 1991. Soil moisture variations in this case are probably more indicative of the seasonal 

rain patterns than short term rain events. One can infer this by the relatively low values of soil 
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moisture, comparing the maximum in the 8 September case (Figure 2. 2) of near 63% to the 

maximum in the 2 August case of near 26%. 

3.2 Comparison between the RGDA method and a homogeneous soil moisture run to 

observations. 

Comparing the RGDA method to the control run is only interesting in the first hours of 

the run for this case, as the two runs become very similar as time goes on and the assimilated soil 

moisture becomes more homogeneous. The time 18:00z was chosen to compare the two as this is 

just two hours after the assimilation and there are still some soil moisture gradients in the area. 

Also, the surface observations for 18:00z are readily available (see Figure 3.8). There is a trough 

northwest of grid 3. The winds in grid 3 are southerly, coming from the gulf stream region. High 

temperatures are between 91 and 94· F. Dew point temperatures are between 56 and 72· Fin 

grid 3. The vegetation, predominantly cropland, for grid 3 is shown in Figure 3.9. 

Table 3. 2 presents the range for the RGDA method, the control and the observations for 

wind speed, relative humidity and temperature in grid 3. Because figures for the control and the 

RGDA method are very similar and rather uninteresting, they are not presented here. 

In general, use of the RGDA method did not improve temperature or wind speed over the 

control run. The relative humidity field is improved over the control run, with a larger range of 

relative humidities in the domain and a more realistic maximum as compared to NWS 

observations. 

3.3 Usefulness ofihe RGlJA method. 

Two hours after the RGDA method was used to generate a realistic pattern of soil 

moisture, the differences between it and the control run were minor. Why should one bother 

using satellite data to initialize soil moisture? As it turns out, there were some interesting 
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interactions between Lake Texoma and the wet soil moisture field that are not apparent when 

simply looking at the ranges given in Table 3. 2. The gradient over Lake Texoma in wind speed 

is larger for the control run than for the RODA method. This is shown in Figure 3.10. The wind 

speed on the south edge of Lake Texoma is 3.0 mls for both model runs. The wind speed on the 

north edge of Lake Texoma is 4.5 mls in the control run and just 4.0 mls in the RODA method. 

This is a significant change considering that Lake Texoma is not a large body of water. The 

RGDA method could be used to diagnose the severity oflake breezes. An example of this type 

of work is the cross section in Figure 3.11. The lake is a minimum for both latent and sensible 

heat release. Moderately wet soil releases more latent heat than a lake region. This is due to the 

large specific heat of water (about twice that of wet soil) and due to the fact that the diurnal 

variation of wet soil only effects the top few layers of soil (at most half a meter), whereas for a 

lake the penetration of radiation can be several meters. Water tends to store solar radiation it 

receives and land tends to return it to the atmosphere in the form of both latent (if the soil is wet) 

and sensible heat. This results in a small sensible heat gradient between a lake region and a wet 

soil region. Ultimately, the lake has a smaller impact on surface air temperature and relative 

humidity patterns than if the surrounding soil were dry. 

To understand the sensible heat flux in terms of air temperatures in the mixed layer, one 

can do a simplified analysis and assume a balance exists between the time rate of change of static 

energy, the net radiation at the surface and the surface sensible heat flux (Wallace and Hobbs, 

1977). One can approximate the density, the specific heat of air and the time rate of change of 

temperature to be independent of height throughout the mixed i~yer. For this case, 

or'op 
P c-Jdz=R+H 

p ot n 
Om 

(3.1 ). 
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The time rate of change of temperature can be found using the density to be 1.25 kg! m3, 

the specific heat to be 1004 J/(Kg K) and the net vertical flux of radiation at the surface to be a 

typical morning value ofJOO W/m2 (Appendix). The height of the boundary layer is about 1.0 

km. Using this analysis, the RGDA method has air above land heating approximately 0.5 K1hr 

more than air above the lake. In the control, air above land is heating approximately 0.6 K1hr 

more than air above the lake (Table 3.3). These small differences are the reason there is slightly 

more circulation around the lake in the control run than in the RGDA method run. It should be 

noted, however, that RAMS uses a much more sophisticated manner of relating surface sensible 

heat flux to the temperature ofthe boundary layer. Therefore, the numbers presented are only 

approximations of the numbers which RAMS uses. 

The cross section in Figure 3.11 is also interesting because one can see how the bare soil 

moisture field in (B) changes the surface latent heat flux in (A). The soil moisture from the 

RGDA method appears to be superimposed onto the surface latent heat flux generated in the 

control. A fluctuation of 0.5% soil moisture corresponds to a fluctuation of about 20 W/m2 in the 

surface latent heat flux. Also, in (C), the 0.5% soil moisture fluctuation corresponds to a negative 

J 
fluctuation of about 20 W/m2 in the surface sensible heat flux, as expected from the surface 

energy balance. These fluxes are from the top layer of soil, which is 3.0 cm deep. 

I 
J 3.4 Summary. 

The RGDA method produced a very plausible soil moisture map for 2 August 1991 in the 

i 
eastern portion of grid 3. The western part ofgrici) appears to have been contaminated by a 

! 
cloud moving out of grid 3 in the early part of the assimilation, making it artificially dry. The 

pattern of relative humidity generated in the data assimilation was better than the control run. 

The temperatures in both the control run and the assimilation run were between 1 and 3 • C too 

cool, the control run being warmer by about 0.5 • C. Wind patterns were very similar between the 
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observations, the control and the assimilation. Overall the best result of the assimilation appears 

to be the more realistic relative humidity field at the surface in the morning hours. This model 

run also demonstrated how lake-effects may be reduced when the lake is near regions of wet soil 

rather than dry soil. 

37 



Table 3. 1 RAMS v3a configuration for 2 August 1991 

Grid Option 

x spacing 
y spacing 
number of x grid points 
number of y grid points 
center latitude 
center longitude 

Value in 2 August 1991 case 
study for grids 1, 2 and 3 

60 km, 20 km, 5 km 
60 km, 20 km, 5 km 
40,50,66 
40,50,66 
36.4, 34.4, 34.4 
-97.8, -97.4, -97.4 

Table 3. 2 RGDA method, control run and NWS surface observations for 18z on 2 
August 1991 in grid 3. 

I8z wind speed relative humidity temperature 

RGDA 2-6.5 m/s 36-50% 30.5-3 1.5· C 
control 2-6.5 m/S 36-45% 31.0-32.5· C 
NWS observations 2.5-5 MIS 28-51% 33-34· C 

Table 3. 3 Surface sensible heat flux for 18z on 2 August 1991 in grid 3. 

Value Surface type Mixed layer heating 

RGDAHmin 230 W/m lake 1.5 Klhr 
RGDAHmax 380 W/m2 wet crops 2.0 Klhr 
Control Hmin 230 W/m2 lake 1.5 Klhr 
Control Hmax 430 W/m2 crops 2.1 Klhr 
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o Klhr 13K1hr 

Figure 3.1 August 2; 1991 heating rates from 150lz-153lz. Brightest regions are heating 
the fastest. Black regions are cloud-cleared and not included in the assimilation. Circled 
region shows cloud contamination. 

Figure 3.2 RAMS grid for 2 August 1991 
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Figure 3.3 Microwave emissivity map for channel 7 on 3 August 1991, approximately 
15:20z. Dark areas indicate low emissivities (probable wet areas) and black regions are 
cloud-cleared or missing data regions. Box indicates location of grid 3. 

Figure 3.4 Visible image for 3 August 1991 at 15:31z. Box indicates location of grid 3. 
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Figure 3.5 Wet regions (bare soil moisture> 24%) for 2 August 1991 case study. 

Figure 3.6 Total precipitation, inches, for 28 July 1991- 3 August 1991. Box 
indicates grid 3 for 2 August 1991 case. 
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8-2-91 SAT Grid 3 

""""EO bare soil moisture (%) 
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..... .!!NllEoIoOI 

z = .00 rn t = 1610 UTe 
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i.Lake Texoma 5.Waurika Lake 9.Lake Denton 

2.Arbuckle Reservoir 6.Ft. Cobb Lake IO.Lake Dallas 

3.Lake Quitman 7.Tom Steed Lake II.Lake Tawakoni 

Figure 3.7 Lake regions in grid 3 superimposed on the surface soil moisture at 16:10z for 2 
August 1991. Lakes numbered 1-8 are surrounded by wet (> 24%) soil and lakes numbered 
9-12 are surrounded by drier soil. 
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Figure 3.8 Surface observations for 18:00z on 2 August 1991. 

Figure 3.9 BATS vegetation for 2 August 1991 grid 3. Prominent vegetation types 
are I-cropland, 2-short grass and 5-tall grass. 

43 



e-:(;--91 CONTROL Gnd j e :(; -9 1 SAT Gnd ..i 

[
illlllfff/fll" lilll'"11'./"' 
~ ~ :, ~ ~ ~ ~ ~ ! , I .' I I I ~ ; ; ~ j ~ :. ~ ; ;J,1 ; .~ ~ ~ r 

t r I " , I I I Illl , I ! , I I .' '.J.br I I , I /;1 
r'rTTTTT I / I f I Iff I I , I I . Of 7 , I , I , I ! I 
, I I I I I I f I I f I I / / , I J' " I : ; ; :;;/J ! ! 

r ~ : ~ ~ ~ ~ ~ ~ f KN-t, I ~ ~ ~ ~ ~ ~ ~ y~ :~ ~ j I ~ 
I I I U_J...lofo~ I I II II I I I I ! l;-r' I' ')il.l '''­
-'1"I"/I"I'f~""J/JI]' llrl/""'f' ~III"/Ilf/; If f 

1'lflr'I",~~j~'~/~~; '~ I !J-.L.!J-l..!..J.-L;~ ( I J ! ! , / I I , " I I I 

v;! : : I r tIl'" r I' , I:: I 1/" 0.' f' ,(, I I:: 1': : : r r, 'i-H+~'+~' ~ ~ ~ I ~ :(h;J,;: 
I I , , I , I t I , I I I I ' , , , I I " "~' I 

1"~ ..... ,1j...L...J..""1/~~'...J/''''''' ,. 
I ~"I 1 I ,Y'-'-'0-r-rGt.,'0, I I "~ •• :~. ;",. t " r: ' 1./r-7~-r;";(4f§f:" :; I I I ~ -:-:-:-:;." , 

I \ I 1 I I r I I I I r ,. rJ I I, , H':' : :~" '" ",("~,, ~;->- " 

i ! ~ : r: : : i i?:0+< : ::~: : ; ~ i-~ I'/.' , : :./' , , , , , , , '~'''; . , ,_",/:, . 
r':::: :y"::: ;-~:c~~' ~-=::::::. 

wind speed (m/s) 
z = 48.3 m 1800 UTe 

.. NI(.", 
"u;"'" .cr.r:;JI. 

ril'll'l'll"'l""'" 1:/lIIII:'~ 
, I I! I /, 1/" //, '" I, fJ- ":,'" I k~"1 
." "' III r /Il/! 11)A" tl1 /! /! / I /.k,rr I:" 
r 11111I1I nill/ill "! /! I ttI'-,! / I! 
~'f~ ~I , I ; / ~ ~ I ;, ~ ~ilitffit/ ~ I,.! : : / ~~ ~ ;. ;/~. 
, , ! , r I , , I 1 .' 1 , r I I l " I , I 1 , , I • .-, I J , 
t r : ! f I / f I ! ! I , I , J- / , , I I " l I ~. ~ '/!.I I /-.FI 
t f; f' 1 "IJ.-I:-I!:>/P.(3r/"",W,~'" 'II' 

~~-rr: ~ ~ ~ :, , J.~-:'* I I ~ ~ ~ ; i-.(~' ~ l; 
r;rlTllJ....f-rT~,"llfll_~/I' , 
~"'--1 1 I I I , I I L.L..L..L...LJ-.,;-~"'1 f f ~ I l..P'y' 
'~lfll.J.--l-+-l-l-.f-61"'II"':"~~I" 
~~117' , r I I, r,' I) , '"'''' ',,,, r" I I 

! ; ;~11-!-J,~~~--;-~/; ~ ~ ~~~ 1 : ~ 
r-~'1If!!I',I',(tr..~--L.I .. ".'/I·,I.',·..,.,..'1 
~ ' ... l...J.--1....1 J.....J....J,../ J-'r-fAr~, • , , I I f,t ! /' I f 1.1 •• 

, , , ; ,v, -q: ' , , , , . !,.J-..C,!~ :.J-I.r-r , 'i '.>~~'~ ; ;(' r I~; ~l~' i':~: ; : . , '~~'~ / ' , , , , , , : ;c:;~;;~ , ' , , , ~. , 
, \ \ : ; , I : ~ : : ~ ; : t'~, I I I ,:~: : : , • '"."" ,,"""""" j"", ,', /. 
: : ; : /~r!: ;;+r7~:: : ; ; : : :1: : 
'" •. v<." ',/,"'" '0"'" ,~/.,' 
~::.:.~~~~~~~~.' 

wind speed (m/s) 
z = 48.3 m 1800 UTe 

"·'l·11O 
,. .... : ... ;;-.I;.U,.,. 

Figure 3.10 Wind speed at the surface for the control run and the RGDA run at 18:00z. 
Contour interval is 0.5 m/s. 
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Figure 3.11 Surface latent heat flux (A), bare soil moisture(B) and surface sensible 
heat flux(C) at the surface for a north-south cross section through the lake region in 
grid 3 at 18z. 
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Figure 4.5. Recall that small clouds in the visible image are areas where the microwave 

emissivity map may be contaminated. The southern portion of grid 3 is slightly contaminated by 

clouds. Also, the western edge of grid 3 in the assimilation appears to be caused by cloud 

contamination (see IR heating rate map for that region in Figure 4.2). 

Cooperative 24-hr precipitation data for measurements taken on 5 August and before 16z 

on 6 August are shown in Figure 4 . 6. The precipitation fell in the western portion of grid 3 on 5 

August and in the eastern portion on 6 August. The areas where rain fell are frequently the same 

areas the RGDA method finds wet. This indicates that the RGDA method is detecting real soil 

moisture caused by recent rain events. 

4.2 Comparison between the RGDA method and a homogeneous soil moisture run to NWS 

observations. 

In Table 4.2, wind speed, relative humidity and temperature ranges for grid 3 are listed 

with observations from NWS. Again wind speed and temperature fields did not improve using 

the RGDA method, but the maximum relative humidity value was closer to NWS observations. 

The observations from NWS are shown in Figure 4 . 7. There is a weak trough on the northwest 

edge of grid 3. 

4.3 Usefulness of the RGDA method. 

In this case there are significant heterogeneities in vegetation type as well as the soil 

moisture field. This is shown in Figure 4 . 8. The most prominent vegetation types are cropland, 

short grass and evergreen shrub. Comparing Figure 4.8 to the soil moisture map in Figure 4.4 

one can see that the evergreen shrub and grassland regions are more dry than cropland regions. 

This is an ideal case to use to study heterogeneous soil moisture fields within heterogeneous 

48 



vegetation fields. The north-south cross sections of surface latent heat flux, bare soil moisture 

and surface sensible heat flux are shown in Figure 4 . 9 A, B, and C. Fluctuations of 1.0% soil 

moisture are causing latent and sensible heat fluctuations at the surface of approximately 25 

W/m2. This is slightly smaller than what happened in the 2 August case (where a 1% soil 

moisture fluctuation corresponded to an approximately 40 W/m2 fluctuation in sensible heat flux 

at the surface). The reason the numbers are different is that the increase in soil moisture is an 

increase in volumetric soil moisture. Adding 1 % volumetric soil moisture will cause more 

significant changes in surface heat fluxes ifthe soil is dry (perhaps 18%) than if the soil is 

already quite wet (26%). 

Surface sensible heat flux has a much stronger gradient in the cross section for the 

assimilation than for the control run. The control run has surface sensible heat flux from the top 

layer (3.0 cm) of cropland to be about 400 W/m2 and surface sensible heat flux from the top 

layer of grass and shrub regions to be about 470 W/m2. Using the simplified technique described 

in equation 3.1, Table 4.3 was calculated. In the control, air above grass and shrubs is heating 

up approximately 0.1 Klhr more than air above the cropland. Using the RGDA method, surface 

sensible heat flux from cropland is near 250 WI m2 and surface sensible heat flux from grass and 

shrubs is 500 WI m2. Air above grass and shrubs is now heating approximately 0.7 Klhr faster 

than air above cropland. 

Potential temperature and vertical motion are shown in D and E of Figure 4.9. Areas 

with wet soil (cropland) are associated with lower potential temperatures. A parcel of air 

. conserving potential temperature would sinkin these areas. Sinkirig in wet region is observed in 

the vertical motion field (dashed contours). Conversely, rising motion is enhanced in dry regions 

(solid contours). Circulation developing in the control is enhanced by the RGDA method's soil 

moisture field. 
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Circulation is relatively minor at 18z (maximum updraft of3 cmls in the RGDA method), 

but as the day continues it becomes more important. At 2I30z, the disturbance has propagated 

north (due to ambient southerly winds of about 10 m/s) and is much stronger. Maximum updraft 

for the RGDA method is now 53 cm/s. Maximum updraft for the control run is about half that, at 

24 cm/s. These figures for the same cross section as before are shown in Figure 4 . 10. The 

cause of the updrafts can be seen more easi Iy in Figure 4 . 11. Wind speed in the first layer 

above the surface is shown. Wind speed in the control run is between 4.0 and 10.0 m/s. Wind 

speed in the RGDA method run is between 2.0 and 12.0 m/s. The tightly contoured region 

corresponds to where there is convergence at the surface (areas of soil and vegetation 

heterogeneities) and therefore updrafts seen in the cross sections before. The regions of 

convergence correspond well to satellite images from the afternoon of the case day. Figure 4. 12 

shows the visible image for OO:OIz on 7 August. Cloudy areas are appearing over areas of 

modeled convergence. Small amounts of cloud liquid water in the convergence regions were 

modeled in the RGDA method, but no cloud liquid water was modeled in the control run for the 

third grid. 

4.4 Sensitivity to the time period of forcing in the RGDA method. 

The previous version of the RGDA method had forcing between 15:00z and 16:00z. 

Because such heterogeneity was found in the soil moisture map it was decided that 6 August was 

the best case study to test the RGDA method's sensitivity to the time period offorcing and to 

check the sl?eed of evaporation in the ~MS model. 

An RGDA run was done with forcing between 14:00z and 15:00z. The soil moisture 

map that this run produces at 15: I5z should be wetter than the soil moisture map in Figure 4 . 4 

because it is earlier in the day and less soil moisture has evaporated. However, if the data 

assimilation and the RAMS model are working correctly one would assume that both assimilation 
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runs would have similar soil moisture maps for 16: 15z. Figure 4. 13 shows the results from the 

new assimilation (assimilation "B") at 15: 15z and 16: 15z. Assimilation 8 at 15: 15z has a similar 

pattern and slightly wetter regions than assimilation A retrieved for 16: 15z as expected. 

However, assimilation 8's soil moisture mapping at 16: lSz is much drier than the original 

assimilation. This indicates one of two things: 

1) The assimilation's wet soil regions are caused by something other than wet soil (i.e. problems 

with the vegetation code in RAMS) or 

2) The RAMS model is evaporating the soil moisture too quickly. 

The problem appears to be caused by the latter. From the time series plots shown in 

Appendix it was evident that moisture was evaporating fast. Also, assim ilation 8 at 15: l5z has a 

soil moisture map very similar to the co-op precipitation data from Figure 4 . 6. This implies that 

there is not a problem with the vegetation. 

It is important to note that because the data assimilation occurred earlier in the day, soil 

moisture evaporated sooner and the data assimilation run became very similar to the control run, 

with less convergence and no moist convection produced. Therefore, the RGDA run was 

sensitive to the time period being forced. 

A third run for this case was done with forcing between 16z and 17z. The soil moisture 

field produced from this case is shown in Figure 4 . 14. The western portion of grid 3 is still 

shown as wet, but the rest of the grid is dry by this time. This picture is fairly consistent with the 

pattern derived from the other forcing periods, assuming that evaporation is occurring throughout 

the morning. Again, this hints that RAMS is evaporating the RGDA moisture too quickly 

because with earlier forcing periods there was no significantly wet soil left at 17z. It should be 
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emphasized that although the RAMS model evaporates the assimilated soil moisture too early in 

the day, the total amount of water that evaporates from the soil is realistic over the twelve hour 

run. Soil which is not shaded by vegetation is very dry by the afternoon hours for a sunny 

summer day. Therefore, the afternoon hours of the run have reasonable (low) values for surface 

latent heat flux when compared to typical observations. 

4.5 Summary. 

This study emphasized that soil moisture heterogeneities are likely to occur near 

vegetation heterogeneities because different vegetation types transpire at different rates. In this 

case soil moisture heterogeneities enhanced breezes, caused originally by vegetation differences 

and a trough moving in, and generated stronger convection than a homogeneous soil moisture run 

was able to. Convection can be seen in that area from satellite pictures at OO:Olz, while the 

RGDA method had it occur near 21 :30z. Both the assimilation and the control appeared to move 

the trough into grid 3 too quickly, causing cooler temperatures and higher relative humidities than 

observations. 

It was also found that this case day was sensitive to the time period of forcing in the 

RGDA method. An earlier time period (l4z and 15z) produced a drier soil moisture mapping for 

16z than the normal time period of forcing (15z and 16z), indicating that the model is probably 

evaporating soil moisture too quickly and has high values of surface latent heat flux for the 

morning hours of the run. o 
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Table 4 . 1 RAMS v3a configuration for 6 August 1991. 

Grid Option 

x spacing 
y spacing 
number of x grid points 
number of y grid points 
center latitude 
center longitude 

Value in 6 August 1991 case 
studyfor 
grids 1,2 and 3 

60 km, 20 km, 5 km 
60 km, 20 km, 5 km 
40,50,86 
40,50,54 
38.0,38.0,37.7 
-98.8, -98.8, -99.2 

Table 4 . 2 RGDA method, control run and NWS surface observations for 18z on 6 
August 1991 in grid 3. 

18z 
RGDA 
Control 
NWS observations 

Wind Speed 
2.5-5.5 m1s 
2.5-5.5 m/s 
5-10 m/s 

Relative Humidity 
38-47% 
38-43% 
32-53% 

Temperature 
27.5-32.5 • C 
28-33' C 
28-37"C 

Table 4 . 3 Surface sensible heat flux for 18z on 6 August 1991 in grid 3. 

Value Surface type Mixed layer heating 

RGDAHmin 250 W/m wet cropland 1.6 Klhr 
RGDAHmax 500 W/m2 dry shrubsl grass 2.3 Klhr 
Control Hmin 420 W/m2 crops 2.1 Klhr 
Control Hmax 470 W/m2 shrubs/grass 2.2 Klhr 

53 



", 
~ ::.: 

n 

:~~ 

0.75 0.98 

Figure 4 . 1 Microwave emissivity map for 6 August 1991, grid 3. 
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Figure 4.2 Grid 3 IR heating rates between 1531z-1601z on 6 August 1991. 
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Figure 4 . 3 RAMS grid for 6 August 1991 case study. 
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Figure 4.4 Wet regions for 6 August 1991 (bare soil moisture> 24%,). 
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J Figure 4.5 Visible image for 6 August 1991 at 15:31z. 

: ........ . 

trace 2.5 inches 

x => 0 inches 

Figure 4.6 Co"-op 24-hr precipitation data for 5 August 1991 and for before 16z on 
6 August 1991. Box indicates grid 3. 6 August reports are plotted above 5 August 
reports. 
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Figure 4 . 7 Surface obsen'ations at 18:00z for 6 August 1991 (NMC surface 
analysis). 

Figure 4.8 Landcover and vegetation type from BATS on grid 3. Predominant 
vegetation types are (1) crop/mixed farming; (2) short grass; and (16) evergreen 
shrub. The solid north-south line indicates 100e longitude. The solid east-west line 
is the KS-OK border. 

57 



tii 
(!) 

..s:: 
..... ......... c: 
(!) N 
tii E 
(!) ~ U '-" 

r.S X ..... = = til G::: 

8-6-91 CONTROL Grid 3 

145.110 

Short 
1:IS.OIl grass, 

shrubs. 
cropland 

L...~--_ 

-150 -100. -59. e. 
v (~.I 

Surl~e latenl beat 'l/m2) 
x =-148.74 Ian z = 48.3 m t=IBIlOUTe 

8-6-91 CONTROL 

-150 -100. -50. 
y (k .. ' 

Bare Soil Woislure (X) 

Gnd 3 

0. 

x =-148.74 km z = .00 m 1:1800 UTe 

[] 8-6-91 CONTROL Gnd 3 

~----.------------------------~ 

400.00 r-----
440 0. I 
420.00 

400.00 

- t"",,,, -108 -58. 
y (kill 

SUrface seosible beat (I/m2) 
x =-148.74 km z = 48.3 m t:IBIlO UTe 

8-6-91 SAT RGDA Grid 3 

Short 

grass'~ 
Shrubs; cropland 

/ 
-'50. "'00. ·50 0. 

y {kill 

Surl~e lateol heat (l/m2) 
x :-148.74 km z = 48.3 m 1=IBIlO UTe 

8-6-91 SAT RGDA 
2b.00r---------------------~ 

/ 
0. 

y 

Bare Soil Waisturo (:t) 

x =-148.74 km z = .00 m 1=1800 UTe 

8-6-91 SAT RGDA Gnd 3 

-150 -10" -"i~ 0. 
'i (1\/11) 

Surface sensible heal (l/m21 
x =-146.74 km z = 48.3 m 1=IBOO UTe 

58 



Max 
w=2cm/s 

8-6-91 CONTROL Grid 3 

31
1

. _____ 

3

1.2. 

1.0 t====------==:;:===~ __ ,l •. 

. 5 

.5 

-150. -10e. -50. 
y (kmJ 

potential temp. (K) 

9. 

x =-148.74 km t = 1600 UTe 

8-6-91 CONTROL GrId 3 

-159. -1ge. -59. 9. 
y {kn I 

w (m/s) 
x =-148.74 km t = 1800 UTe 

RGDA 
8-6-91 SAT Grtd 3 

25 r---__ 

-150 -100. -'Sa, 8. 
'I (kll I 

potential temp. (K) 
x =-148.74 km t = 1800 UTe 

8-6-91 SAT 
RGDA Grtd 3 

.5 

-150. -UnL -59. 8. 
y Ck" I 

... (m/s) 
x =-148.74 km t = 1800 UTe 

Max 
w=3cm/s 

Figure 4 . 9 Latent heat flux (A), bare soil moisture (B), sensible heat flux (C), 
potential temperature (D) and vertical motion (E) for 18z on 6 August 1991. Cross 
section is the same as in the previous figure. Rising motion is in solid contours and 
sinking motion is in dashed contours for (E). 
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Figure 4. 10 North-South cross section for control and RGDA runs for 6 August 
1991 case study at 2130z. Southerly winds (v) are contoured by 0.5 mls in A, 
vertical motion (w) is contoured by .04 mls in B. Solid contours indicate upward 
motion. 
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Figure 4 . 11 Wind speed at the surface for the control run and the assimilation in 
grid 3 on 6 August 1991 at 2130z. Contour interval is 0.5 m/s. Dashed line indicates 
cross section used in the previousJigures.. 
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Figure 4 . 12 Visible image for OO:Olz on 7 August 1991, grid 3 is in white. 
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Figure 4 . 13 Wet regions (> 24% volumetric soil moisture) for 6 August 1991 case 
study with the assimilation occurring between 14z and 15z instead of 15z to 16z. 
Regions marked with "x" are dry. 
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Figure 4. 14 Bare soil moisture> 24% for 6 August 1991, forcing between 16z and 
17z. 
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Chapter 5 

Case Study: 11 September 1991. Soil moisture contrasts in nearly homogeneous 

vegetation. 

One more case study was needed to reasonably assess the usefulness of the RGDA 

method and the validity of the soil moisture field created. This final case study is for the first 

fairly sunny morning after the 8 September case study. The grids chosen were based on the 

amount of cloud free regions available, with grid 3 having the fewest clouds. In Figure 5. I the 

three grids in RAMS are shown and shows the values of each grid's parameters. The western 

portion of grid 3 is mostly cropland, so this case can show the impact of heterogeneous soil 

moisture in regions of homogeneous vegetation. Figure 5. 2 shows the IR heating rate map 

derived from IR temperatures at 153 lz and 1601z. Because the case study had quite a few low 

clouds, the cloud-clearing scheme had two steps: 

1) All areas with IR channel 8 temperature < 280 K were assumed to be clouds (as before). 

2) All areas where the time rate of change (between either 15:01z and 15:31z or 15:31 z and 

16:01z) of temperature was less than or equal to 0 K were assumed to be clouds (the reason 

being that land regions should generally be heating up after sunrise). 
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5.1 Validity of the assimilated soil moisture field. 

Figure 5. 3 shows the resulting wet soil moisture map for 11 September 1991 after the 

data assimilation had run between 15:00z and 16:00z. In general, the pattern that the data 

assimilation picks up is very similar to the pattern that the microwave emissivity map shows. The 

microwave emissivity map for II September 1991 in Figure 5. 4 shows that there are probably 

some wet regions in the middle and southwest portions of grid 3. Figure 5. 5 is the corresponding 

visible image from which one can see some cloud contamination problems in the eastern portion 

of grid 3. Problem areas in the assimilation due to insufficient cloud-clearing are indicated by 

boxes in Figure 5. 3. 

The recent radar maps are shown in Figure 5. 6 and the last 24 hours of precipitation as 

reported from cooperative stations for 10 September and before 16z on II September are shown 

in Figure 5. 7. The radar suggests that the central portion of grid 3 could be wet due to rain 

events less than 24 hours before. However, the cooperative stations only report a small amount 

of rain for the central region. This region also has a significant amount of irrigation (USGS 

Seasonal Landcover Regions, 1993) which could be causing the wet signal. The vegetation in 

grid 3 is such that there is tall grass in the eastern portion of the grid, with cropland dominating 

the rest (Figure 5. 8). The microwave emissivity maps cannot sense the ground in heavy 

vegetation. The tall grass area may therefore be wet and not well-represented by the microwave 

emissivity map. It is likely that the RODA method generated a realistic soil moisture map 

considering that the microwave emissivity map has a similar pattern except for the tall grass 

regions. Also, there was a rain event over tall grass which could have generated the eastern 

portion of grid 3' s wet soil. 
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5.2 Comparison between the RGDA method and a homogeneous soil moisture run to NWS 

observations. 

Table 5. 2 compares the wind speed, relative humidity and temperature for grid 3 at 18z 

between the control, the RGDA method and NWS observations. Again, air temperatures are 

cooler and relative humidities are higher in the assimilation than in.the control. Wind speeds are 

0.5 mls higher in the RGDA method. The reason for this is studied in the next section. 

The surface observations for 18:00z on 11 September 1991 are in Figure 5. 9. Both the 

1 
RGDA run and the control run had very similar temperatures. At 18:00z temperatures in the 

1 modeled runs were about 2·C cooler than observations at 18:00z in grid 3. This is typical at all 

time periods, and follows the trend of the 8 September case study as well as the 2 and 6 August 

case studies. 

The relative humidity magnitudes of both the control and the RGDA simulations were 

too high at 18:00z to match most NWS observations. Winds for both runs approximate 

observations fairly well in magnitude and direction. 

5.3 Usefulness of the RGDA method. 

! 
,J The wind speeds at 18z match observations somewhat better than the control (Table 5. 

] 2). The RGDA method may help understand some of the faster wind speeds reported better than 

a homogeneous soil moisture run. It appears that there is convergence in the RGDA method run 

due to wet soil north of grid 3. The wet soil moisture field for grid I must be analyzed to capture 

convergence. This Held is ,shown in Figure 5. 10.- -

A north-south cross section through the approximate center of the box shown in Figure 5. 

10 was taken to illustrate the wet-soilldry-soil circulation more clearly. Vegetation for grid 1 is 

shown in Figure 5. 11. Notice that the cross section is through fairly homogeneous cropland, 

unlike the case for 6 August 1991. Figure 5. 12 (A) shows the total mixing ratio for the cross 
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section. The winds are southerly (coming from the left side of the figure). The wet soil regions 

are shown by dark lines through the y-axis. These regions exhibit the highest mixing ratio values 

for the data assimilation run. Figure 5. 12 (8) shows the potential temperature field for the cross 

section. There is a bulge in the potential temperature field just above the dry-soil region. This 

bulge is enhanced by the data assimilation because the wet soil regions correspond to minimums 

in potential temperature on both sides of the dry region, creating a modified heat island effect. 

The air temperature is warmer here due to lack of moisture and wanner ground temperatures for 

dry soil than for wet soil. The model has rising motion occurring over dry land and sinking 

motion over minimum potential temperatures associated with wet regions as seen in Figure 5. 12 

(C). Figure 5. 12 (D) shows southerly wind speeds and it appears that convergence over the wet 

soil causes wind speeds south of it to increase by about 0.5 m/s. This corresponds to the faster 

grid 3 wind speeds for the RGDA method. 

The surface sensible heat flux for this cross section is shown in Figure 5. 12 (E). For the 

control run the horizontal gradient is small, about 20 W 1m2 difference. Using equation 3.1, this 

leads to air above the higher sensible heat flux region heating about 0.1 Klhr faster than air above 

the low sensible heat flux regions. The satellite run has a more significant horizontal gradient. 

Caution must be used when detennining the sensible heat flux gradient for this case because the 

grid spacing is 40 km and the minimum value is a 2AX feature. For detennining approximate air 

mass heating rates, a value of250 W/m2 will be used for the minimum surface sensible heat flux. 

Using this the horizontal gradient in sensible heat flux is about 100 W/m2. This corresponds to a 

heating rate gradient of 0'.3 Klhr, whi~h is thre~ ti~es l~ge~ilia~ the controi'run and appears to 

be the cause of the overall difference between the two runs. Values for sensible heat fluxes in 

each case are shown in Table 5. 2. 
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5.4 Summary. 

A realistic soil moisture map was created using the RGDA method. Winds were slightly 

better approximated in the assimilation, with a modified heat island effect occurring due to dry 

soil next to wet soil both upwind and downwind. Relative humidity values were too high in the 

control. Because the RGDA method has relatively little effect in dry areas for sandy clay loam 

(see Appendix), it was unable to improve upon this and forced the humidity values higher than 

the control. This is consistent with the hypothesis that the model is evaporating soil moisture too 

quickly and a more reasonable soil type needs to be found to use in the central plains for 

homogeneous soil moisture. 
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Table 5. 1 RAMS v3a configuration for 11 September 1991. 

Grid 1 Grid 2 Grid 3 
number ofx 70 90 60 
gridpoints 
number ofy 50 98 60 
gridpoints 
delta x 40km 10 km 5km 
delta y 40km 10 km 5 km 
center latitude 35.4 35.4 37.7 
center longitude -97.8 -97.4 -97.4 

Table 5. 2 RGDA method, control run and NWS surface observations for 18z on 11 
September 1991 in grid 3. 

18z 

RGDA 
Control 
NWS observations 

Wind Speed 
5.5-8.0 MiS 
5.0-7.5 MiS 
5-10 MiS 

Relative Humidity 
52-58% 
51-53% 
36-56% 

Temperature 
28.5-30.0· C 
28.5-30.5· C 
30.0-32.0· C 

Table 5. 3 Surface sensible heat flux for 18z on 11 September 1991 in grid 3. 

Value Surface type Mixed layer heating 

RGDA Hmin 250 W/m wet crops 1.6 Klhr 
RGDAHmax 350 W/m2 dry crops 1.9 Klhr 
Control Hmin 350 W/m2 crops 1.9 Klhr 
Control Hmax 368 W/m2 crops 2.0 Klhr 
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, Figure 5. 1 RAMS grids for 11 September 1991 case study. 
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o Klhr 10 Kfhr 

Figure 5. 2 Time rate of change for IR temperatures between 1531z and 1601z. 
Dark regions haye the least temperature change and bright regions haye the highest 
temperature change. Cloudy areas are in black and not included in calculation. 
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Figure 5. 3 Contours of wet regions (bare soil moisture> 24%) for 9-11-91 in the 
RGDA method. Possible cloud contamination in boxes. Regions marked with "x" 
are dry. 
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Figure 5. 4 Microwave emissivity map for channel 7 at 15:35z on 9-11-91. Box 
indicates approximate area of grid 3. 
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Figure 5. 5 Visible image for 11 September 1991 at 15:31z. Box represents grid 3. 
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Figure 5. 6 Radar summary reports for 2135z and 2235z on 10-September-1991. 
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Figure 5. 7 Co-op 24 hour precipitation reports from 10 September 1991 and from 
hours before 16z on 11 September 1991 (plotted on top). Box indicates grid 3. 
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Figure 5.8 Vegetation for grid 3 in 11 September 1991 case study. Prominent 
vegetation types are: I-Crop/mixed farming, 2-Short grass, and 7-Tall grass. 
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Figure 5.9 NWS surface observations for 18z on 11 September 1991. 
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Figure 5. 10 Wet soil regions> 24% bare soil moisture at 1615z for 11 September 
1991 in the RGDA run. Box indicates region of soil moisture heterogeneity which 
appears to be affecting the winds in the third grid in the RGDA run, dashed line 
indicates approximate position of cross section for next figures. An "x" indicates the 
region is dry. 

Figure 5. 11 Vegetation for grid 1 in 11-SeptemberI991 case study. Grid 2 is 
indicated by the black box and the cross section is indicated by the dashed line. 
Prominent vegetation types in grid 2 are: I-Crop/mixed farming, 2-Short grass, 5-
Deciduous broadleaftree, 7-Tall grass, 16-Evergreen shrub and I8-mixed woodland. 
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Figure 5.12 Total mixing ratio (gIkg), potential temperature (K), vertical wind 
speed (m/s x 105

, southerly wind speed (m/s) and surface sensible heat flux (W/ml) in 
a north-south cross section for 11 September 1991 case at 18:00z. Black line 
indicates wet soil. 
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Chapter 6 

Conclusions 

6.1 Summary of all case studies 

All three case studies produced reliable soil moisture fields in the absence of clouds 

using the RGDA method. However, there were fundamental problems with the assimilation. 

Complete evaporation of assimilated soil moisture appeared to occur too early in the morning. 

This may be due to the fact that no significant infiltration of added soil moisture occurs when 

using sandy clay loam for twelve hour model runs. This caused the assimilation to have a cool, 

moist bias in the morning hours of the run. Shaw (1995) also found this to occur when using the 

Antecedent Precipitation Index to initialize soil moisture. It appears to be a problem with the 

limited soil types allowed in the RAMS model and not the RGDA method itself. 

However, the RGDA method can be used to understand land-air interactions even with 

the bias. Areas of convergence over wet soil regions cannot be predicted with homogeneous soil 

moisture runs. Soil moisture heterogeneities due to vegetation differences or irrigation cannot be 

studied using API derived soil moisture amounts. The volumetric soil moisture amounts which 

can produce reasonable ground surface heating rates are difficult to figure out using an API 

method without using trial and error. 
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6.2 Accomplishments 

Several new sensitivity tests for the RGDA method were performed. The sensitivity tests 

dealt with: 

1) Top soil layer depth 

2) Vegetation fraction 

3) Soil type 

4) Time of forcing period 

5) Extent of forcing (top layer vs full column layer). 

The first four tests showed that slightly different soil moisture maps were generated by 

the RGDA method when the parameters were changed. However, the general pattern of the soil 

moisture maps was always the same, indicating that small errors in the first four parameters will 

not greatly affect the soil moisture analysis. For sandy clay loam, it was shown that the top soil 

layer was not coupled to the bottom ten soil layers in the 8 September 1991 case. Therefore, 

even large errors in the specification of the bottom ten layers of soil will not greatly affect the 

RGDA method for sandy clay loam. 

Three new case studies were run, bringing the total number of case studies using the 

RGDA method to four. Each case study evaluated the performance of the RGDA method in 

comparison to a control run, surface observations from National Weather Service stations, 

precipitation and radar reports, microwave emissivity maps and visible satellite imagery. The 

first case study on 2 August 1991 represented a moderately wet region near Lake Texoma. The 

case study on 6 August 1991 was over wet regions in Kansas in heterogeneous vegetation. The 

case study on 11 September 1991 had some wet regions in Kansas over fairly homogeneous 

vegetation. 
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6.3 Results 

The conclusions presented in this section are summarized in Figure 6. I. This section 

and the figure discuss the five questions proposed in the introduction of this thesis (pp. 1-2). 

The RGDA method was found to be most sensitive to soil type. Sandy soil was found to 

generate a much longer-lasting soil moisture map than sandy clay loam soil, although the pattern 

of wet soil moisture regions were the same. A smaller top layer depth in the soil caused the soil 

moisture map to be drier, although the pattern was again the same. A smaller vegetation fraction 

caused the soil moisture map to show slightly more moisture. 

All three new case studies appeared to have valid soil moisture fields generated in cloud-

free vegetated regions. Each case study's soil moisture field was compared to microwave 

emissivity maps, radar reports and precipitation data. Unfortunately, there were no in-situ 

measurements of soil moisture, but the results thus far using the RGDA method are very 

promising. 

The sensitivity tests for the 6 August 1991 case study (changing the time period of 

satellite forcing) suggested that RAMS was evaporating the RGDA soil moisture field too 

1 

J 
quickly. This appears to be due to the lack of a sufficient soil type to use for homogeneous 

initialization. Sandy clay loam was probably the best possible soil type to use out of the 12 

J choices in RAMS, but it still can not be expected to be representative of any moderately sized 

domain. However, from using the RGDA method at different times for 6 August, it appears 

realistic that all the soil moisture in the top layer was gone by the end of the run (one can see how 

dry it is in Figure 4 . 14). This means that the total amount of daily evaporation is still 

reasonable. It is the evaporation time frame that is incorrect. 

Because of fast evaporation, it appears that the RGDA method runs cannot generate 

significantly more realistic surface observations than the control runs. The RGDA method runs 
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generally have a cool, moist bias in the morning hours. However, in all three cases the value of 

the maximum surface relative humidity was improved over the control run for the morning. 

As each case study was presented, a section was entitled "Usefulness of the RGDA 

method." This was provided because some may wonder why one would want to use the RGDA 

method if the surface observations were not significantly improved over the control. The results 

presented in the "usefulness" section were generally of mesoscale events for which there were 

not enough NWS stations to resolve. However, those studying mesoscale circulations will need 

soil moisture included in their modeling and observational networks to better understand lake 

effect breezes (2 August 1991 case), breezes due to heterogeneous vegetation (6 August 1991) or 

even breezes in homogeneous vegetation (11 September 1991). It was found that a 2.0% 

fluctuation in volumetric soil moisture corresponded to a 50 W/m2 fluctuation in surface latent 

and sensible heat fluxes from the top soil layer using the RGDA method in the 6 August 1991 

(wet) case study. In the 2 August 1991 case study (fairly dry), a 2.0% fluctuation in volumetric 

soil moisture corresponded to an 80 W/m2 fluctuation in the surface heat fluxes. 

6.3 Ideas for future research 

Future research should include trying the data assimilation with heterogeneous soil type 

information, similar to Copeland (1995). More research needs to be done to diagnose vegetation 

fraction and how it changes throughout the year. Also, an improved cloud clearing scheme needs 

to be developed. More case studies should be attempted over areas with more data (e.g. the 

Oklahoma Mesonet area} In thisway the true effect ofhetero~eneous soil moisture can be 

monitored to see if it is the same as the model suggests. 
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Figure 6. 1 Flowchart examining major questions studied in this thesis. 
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Appendix: Basic hydrology and land-air interactions seen using the RGDA method. 

In this section, the RGDA method is analyzed for the 8 September 1991 case. A very 

basic overview of hydrology terms is presented and then an attempt is made to explain what is 

going on during the data assimilation for large spatial scales as well as for a specific wet region 

and a specific dry region. The model run is the same as the Jones (1996) run except with a 

smaller top soil layer specified (0.5 cm rather than 3 cm) and only the largest grid is used. 

Chapter 2 describes the sensitivities to the smaller top layer assumption. The purpose of this 

appendix is to give a qualitative description of how the RGDA method works. 

A.I Basic hydrology important/or studying land-air interactions 

The following discussion is based on facts and information obtained from Howard Lull's 

section in the Handbook of Applied Hydrology (edited by Chow, 1964). This reference, although 

old, discusses the basics of hydrology that are needed as background to study land-air 

interactions. Rainfall and moisture can be intercepted by vegetation, infiltrated into soils or 

evaporated into the air. 

A.I.1 Interception 

Interception refers to rain or moisture absorbed by leaves in a vegetation canopy. This 

occurs when rain first begins until the maximum surface storage capacity of the leaves is reached. 
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This storage of moisture by leaves can be evaporate after rain stops and the humidity of air has 

decreased. 

Between 10 and 20 percent of rain during the growing season is intercepted and later 

evaporated. Because interception only occurs until the leaves have saturated, a short stonn 

always has a larger percentage of its rain intercepted than a long stonn in the same area. 

A.1.2 Infiltration 

Infiltration refers to the movement of water into the soil and is highly dependent on soil 

texture and structure. Coarse soils have the most infiltration and bare clay soils has the least. 

Dry soil allows more infiltration than wet soil. Maintaining large infiltration rates is easiest 

where there are undisturbed natural forest canopies and decaying vegetation (i.e. tree roots); these 

types of forest floors soak up water more than bare soil. The compaction of soils (such as by a 

tractor passing through or due to grazing animals) can reduce infiltration rates by as much as 

80%. 

Infiltration rates are frequently measured just after the soil has been moistened by rain 

but before the soil is saturated. Some examples given in the Handbook of Applied Hydrology are 

0.6 incheslhr after two passes with a tractor in a pasture and 2.36 incheslhr measured in an 

undisturbed forest region in Minnesota. 

A.1.3 Evapotranspiration 

Evapotranspiration combines the effects of water released by plants to the atmosphere 

(transpiration) and water vapor moving from soil and vegetation (evaporation) to the atmosphere. 

Soils from which water evaporates the fastest are the most compact, the most dark and 

most dominated by medium-sized particles. Frequently just the top layer of soil dries out while 

lower layers remain moist. 
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Transpiration is highest with high air temperatures, high winds, saturated leaf tissues, 

high amounts of light, low atmospheric humidity, and large availability of soil moisture. Average 

daily evaporation is largest in the summer months (0.18 inches of water in June) and smallest in 

winter (0.06 inches of water in January). 

A.1.4 Basic hydrology in the RGDA method 

In the RGDA method, water is put directly into the top layer of soil and into the 

vegetation profile. There is no interception by vegetation above the ground. Infiltration is 

governed by soil type and moisture content only and there is no specification in RAMS involving 

how compact the soil may be. 

Soil moisture is added in the morning hours of the assimilation because there is normally 

less temperature advection. The atmospheric conditions in which water is added during the 

assimilation are fairly different from when rainwater is added. During rainstorms water is more 

likely to infiltrate deeper into soil because the atmospheric humidity is so high. Because the IR 

sensor on the GOES-7 satellite is only seeing skin temperature, the top layer is the only layer 

forced by the RGDA method. 

The RGDA method gives the value of soil moisture required to generate realistic heating 

rates. For the API method it is up to the user to decide how this index will correspond to 

volumetric soil moisture. For example, Grasso (1996) used the API described by Wetzel and 

Chang (1988), but smoothed and reduced all the values by 10% for one great plains simulation in 

April. For a great plainssimulation in May oft~e same year, the values were not smoothed or 

reduced. A certain amount of trial and error seems to be required to use the API, but it is not 

required to use the RGDA method. 
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A.2 Surface energy budget in the RGDA method 

Recall that the RGDA method is based upon keeping the surface energy budget in 

balance (equation 1.1). For the vegetation component, this means that the sum of latent and 

sensible heat flux should be equal to the net incident radiation. For bare and shaded soil 

components there is also soil heat flux which needs to be accounted for. Soil heat flux is 

generally much smaller than latent and sensible heat flux terms and so is not analyzed here, 

although a discussion is found in Jones (1996). Figure A. I shows the terms for the vegetation 

surface energy budget, for a region in the central plains, from 1-D sensitivity tests by Jones 

(1996). Time is specified so that 6 hours corresponds to local noon. The control run has no 

satellite forcing. The RGDA method run is the next plot, but satellite forcing was not used until 

about 0.7z so that the method could begin when the sun had ri'sen. In these graphs, fluxes are 

negative when put into the atmosphere from the ground. Because the region was initialized as 

wet and vegetated, the latent heat flux for the control run is fairly high (up to 600 W/m2 into the 

atmosphere); the sensible heat flux is small in comparison. The second plot shown is for 1 Klhr 

forcing throughout the day. This forcing is not physically-based; instead it is used to illustrate 

how the assimilation works to keep the surface energy budget in balance. In the morning hours, 

I Klhr is a relatively low heating rate for the ground, and so the ground remains moist with high 

latent heat flux values. In late afternoon the ground should not heat up and so 1 Klhr is a 

relatively high heating rate, making the RGDA method dryer than before. Sensible heat flux 

increases and latent heat flux decreases, reflecting that the energy budget is always in balance. 

A.3 RGDA method analyzed using time series plots 

This section will focus on the effect of altering soil moisture during the time period that 

the RGDA method is used by analyzing ground temperature, soil moisture, temperature, relative 
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humidity and latent and sensible heat fluxes. These quantities will be studied using time series 

plots for sample wet and dry regions. 

The 8 September 1991 case study was originally done by Jones (1996). The RGDA 

method generated a realistic soil moisture map (as compared with the API, Crop Moisture Index 

and microwave surface emissivity maps). 

A.3.1 Ground Temperature and Bare Soil Moisture 

Adding Soil Moisture 

When the ground is originally heating up too fast in RAMS, the RGDA method adds 

water to the top layer of soil until the heating rate of the ground is correct. An example of a wet 

area in the 8 September case is in north central Texas (see Figure A.2). A time series is plotted 

I for one grid cell (40 km spacing) to show how the soil moisture was added. This is in Figure 

1 
A.3. 

Note that during the assimilation period from 14:00z to 15:00z (10800-14400 s) the 

ground temperature becomes relatively constant to match satellite observations. However, 

immediately following the assimilation period, ground temperature heating rates return to 

approximately the same as they were before the assimilation took place. This appears to be a 

problem caused by the RGDA method initializing just the top layer of soil. Because soil moisture 

is added during the morning and to only the top soil layer, evaporation occurs much faster than 

infiltration of water into deeper soil layers. 

J_on~s use~_ t~~ a~similation for just the top layer of soil, leaving the rest of the column at 

25% soil moisture (this value provides an intermediate ground surface heating rate). However, 

Jones suggested that better results may be obtained by initializing the full layer. An attempt was 

made to simulate this and the results of full layer forcing were not significantly different from 

only top layer forcing. This run was described in section 2.2. 
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Subtracting Soil Moisture 

When RAMS doesn't produce a large enough ground surface heating rate, soil moisture 

is subtracted to make the soil heat faster. As we have seen with the wet case in the previous 

section, RAMS evaporates soil moisture very quickly as soon as the sun rises. Therefore the 

effects of the RGDA method are not as obvious in our time series plots for a dry region. The area 

chosen is in northwestern Kansas. 

One can see that there is a very slight increase in the heating of ground temperature and a 

fast decrease in soil moisture from Figure AA. The decrease in soil moisture is only slightly more 

dramatic than it would have been without assimilating satellite heating rates (compare with the 

evaporation of soil moisture in the moist case after the data assimilation in Figure AJ). 

A.3.2 Effects of data assimilation method on surface latent and sensible heat fluxes 

Adding Soil Moisture 

The data assimilation method is confined to solutions for the partitioning of energetically 

consistent latent and sensible heat fluxes. Soil moisture added to the surface should increase 

latent heat flux and decrease sensible heat flux because more energy can go into evaporation 

when there is plenty of moisture available. One can see this happening in Figure A.S. 

The latent heat flux increases from about 60 W/m2 to 500 W/m2 over the one hour 

assimilation period (10,800-14,400 s). Sensible heat flux decreases from about 200 W/m 2 down 

to near 0 W/m2 in value. Particularly in the sensible heat flux plot, it appears that after the 

assimilation occurs the flux increases at the. s~me rate as before. the assimilation. However, one 

can see that the maximum value for the sensible heat flux would have had a larger value had 

there not been any data assimilation. 

Subtracting Soil Moisture 
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In a dry region we expect surface latent heat flux to decrease during the assimilation 

because soil moisture is forced to disappear. However, because the model without the RGDA 

method evaporates soil moisture very quickly, there is not a large discontinuity in the fluxes 

(Figure A.6). 

A.3.3 Surface air temperature and relative humidity. 

From the earlier figures, it is seen that the RODA method does not dramatically change 

anything for dry regions, while the most significant cases are for wet regions. Previous figures 

focused on quantities associated with the ground surface energy budget. Temperature and 

relative humidity changes are not directly altered in the RODA method; instead they are indirect 

reactions to the assimilation and finally relate the surface boundary conditions to the weath~r. 

One can see from Figure A.7 that surface air temperature is almost steady during the 

assimilation and that relative humidity increases shortly after the assimilation begins. These are 

both directly related to the modeled increased latent heat flux. In the dry case there is no obvious 

discontinuity in the assimilation for either temperature or relative humidity, and so this figure is 

not shown. 

A.3.4 Surface air temperature with respect to ground temperature. 

Figure A.8 shows surface air temperature with respect to time plotted with ground 

surface bare soil temperature, with both using the RGDA method. Bare soil begins cooler than 

air temperature, but heats up much faster as the day goes on. The bare soil temperature is more 

abruptly changed by the RODA method compared to the air temperature. As the day ends, one 

can see that bare soil temperature is cooling off faster than air temperature. In this sense, RAMS 

and the RODA method are consistent with basic climatology of air and land. The bare soil gets 

very hot, over 40' C. This is not unreasonable as there is very little bare soil (10% or less) in 
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each grid cell of RAMS. The actual ground temperature is a function of bare soil temperature, 

shaded soil temperature, and vegetation temperature. 

Figure A. 9 illustrates the relationship between vegetation temperature, shaded soil 

temperature, bare soil temperature and effective ground temperature with air temperature. The 

figure for the vegetated region contours the air temperature at the midpoint of the first two model 

layers (24.0 and 72.0 m). The vegetation temperature is shown at Om and the shaded 

temperature is shown at -0.15 m. The figure for the shaded soil region has the shaded soil 

temperature plotted at 0 m and -0.15 m, and the figure for the bare soil region has the bare soil 

temperatur,e plotted at 0 m and -0.15 m. The figure for ground temperature incorporates all three 

components. It assumes that at 0 m the vegetation comprises 40% of the grid cell, the shaded soil 

comprises :50% of the grid cell and the bare soil comprises 10% of the grid cell. At -0.15 m, 90% 

of the grid cell is shaded soil and 10% is bare soil. All figures are for the 8 September 1991 wet 

region with the RGDA method occurring between IS and 16z. From these figures one can see 

the difference in temperature between the ground and the air above it as the day progresses in the 

model run. The bare soil heats up quickly and is much wanner than the air temperature by 20z, 

whereas th~: shaded soil and the vegetation have heating rates and temperatures similar to air 

temperature. The incorporation of bare soil, shaded soil and vegetation components is the 

model's most realistic interpretation of ground temperature vs. air temperature. The ground heats 

slightly faster than air temperatures, but never gets as wann as only the bare soil component. 

AA Summ.ary. 

The RGDA method is capable of drastically changing surface soil moisture values, 

ground temperatures and the partitioning between latent and sensible heat fluxes. There has been 

very little ground truth in this chapter because Jones (1996) does a detailed job of comparing the 

modeled 8 September 1991 case to observations. This section is only meant to illustrate how the 
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RGDA method works. Table A.I and Table A.2 show typical wet region and dry region 

reactions to the assimilation. In the wet region, ground temperature was kept constant during the 

RGDA method by adding about 10% more volumetric soil moisture. Before the assimilation 

sensible heat flux was more than three times the value of the latent heat flux at the surface. After 

the assimilation, flux at the surface was entirely composed of latent heat release. In the dry 

region the original values of latent and sensible heat were equal. By the end of the assimilation 

sensible heat flux was about three times the value of latent heat flux. It is difficult to tell from 

the tables alone that the assimilation is more affective at altering wet regions than dry regions; 

however the figures presented earlier make it clear that wet regions are most affected by the data 

assimilation. 

J 
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Table A.I Typical wet region reaction to the RGDA method. 

BeforeRGDA Ajier RGDA Maximum during run 

Ground temperature 302.5 K 302 K 317 K 

Soil moisture 20% 30% 30% 

Latent heat flux at 60 W/m2 500 W/m2 500 W/m2 
surface 

Sensible heat flux at 200 W/m2 OW/m2 450 W/m2 
surface 

1 
Table A.2 Typical dry region reaction to RGDA method. 

~ 
Before assimilation Ajier assimilation Maximum during run 

Ground temperature 297 K 302.5 K 313 K 

Soil moisture 21% 15% 25% 

Latent heat flux at the 50 W/m2 65 W/m2 85 W/m2 
surface 

Sensible heat flux at 50 W/m2 220 W/m2 375 W/m2 
the surface 

1 
J 

97 



1 , 

j 

J 

800 

600 

"00 

H 200 

l 
II 0 
li: 
~~ 
! 
III 

-'CO 

«0 

~co 

(\ 

seD 

l>OO 

400 

... 
< 
~ 2!:O 
~ 
!l 
ii: 0 
~ 
! 

11/ 
.200 

-4.00 

.$00 

0 

Surface Energy Budget (Vegetation) 
control 

:I 5 6 9 

time (h} 

1 Klh forcing 

2 3 8 (I 

timo".) 

10 11 

10 11 

Figure A. 1 Surface energy budget terms for the vegetation component of the 
surface, from Jones (1996). 
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J 
Figure A.2 Cloud-cleared microwave emissivity map for channel 7, 8 September 1991, 
15:30z. Dark areas are low emissivities (probable wet areas), cloud cleared regions are 
black. 
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Figure A.3 The ground temperature and the percent bare soil moisture plotted with 
respect to time for a moist region on 8 September 1991. Approximate period of assimilation 
(10800s-14400s) is underlined. 
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Figure A.4 The ground temperature and the bare soil moisture percent for a dry area 
using the RGDA method. 
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Figure A.S Surface latent and sensible heat fluxes with respect to time for a wet region in 
the RGDA method. 
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Figure A.6 Surface latent and sensible heat fluxes for a dry region using the RGDA 
method. 
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Figure A.7 Temperature and relative humidity near the surface for a wet region in the 
RGDA method. 
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Figure A.8 Temperature of bare soil and temperature of the air just above the bare 
soil for a wet region using the RGDA method for the 8 September 1991 case. 
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Figure A. 9 Temperature in Celsius for a wet region using the RGDA method 
between 15 and 16z (not to scale). 
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