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A simple surface temperature assimilation scheme for use 
in land surface models 

Venkataraman Lakshmi 

Department of Geological Sciences, University of South Carolina, Columbia 

Abstract. This paper examines the utilization of surface temperature as a variable which 
can be assimilated in off-line land surface hydrological models. The connection between 
the surface temperature and evapotranspiration is utilized in making adjustments to the 
model-computed surface soil moisture. This adjustment is a function of the difference 
between the model-computed and the observed surface temperature. Comparisons 
between the model-computed and satellite-observed surface temperatures have been 
carried out. The assimilation of surface temperature is carried out twice a day 
(corresponding to the A.M. and P.M. overpass of the NOAA 10) over the Red-Arkansas 
basin in the southwestern United States (31ø50'N-36øN, 94ø30'W-104ø30'W) for a period 
of 1 year (August 1987 to July 1988). The soil moisture estimates resulting from the 
assimilation of surface temperature have a closer agreement with the values derived from 
the special sensor microwave imager than those from simulations without surface 
temperature assimilation. Assimilation reduces the effect of errors in precipitation and/or 
shortwave radiation on simulated soil moistures. 

1. Introduction 

Land surface modeling has faced limitations in the past 
because of the lack of observations of spatially distributed data 
of land surface characteristics as well as variables in water and 

energy budgets, namely, surface temperature and soil mois- 
ture. The problem of spatially distributed land surface charac- 
teristics has been solved with the advent of the soils database 

(Continental United States, State Soil Geographic Database 
(CONUS-SOIL, STATSGO) [Miller and White, 1998]) and the 
global vegetation index (GVI) [Goward et al., 1994]). Surface 
temperature observations are available from various satellite 
sensors: advanced very high resolution radiometer (AVHRR) 
[Price, 1984], geostationary orbiting Earth Satellite (GOES) 
[Diak, 1990], and TIROS operational vertical sounder (TOVS) 
[Susskind et al., 1997]. However, soil moisture still remains as 
an underobserved hydrologic variable. 

Soil moisture is a crucial component of both the water and 
energy budget equations. The absence of spatially distributed 
observations of soil moisture makes it very difficult for hydro- 
logical model validation. Comparison of model-computed 
streamflows at the catchment outlet with the observed stream- 

flow does not ensure a complete energy and water budget 
validation. There could be compensating errors in the infiltra- 
tion, evaporation, and streamflow which could offset each 
other and thereby attain proper water balance, but the indi- 
vidual components (infiltration, evaporation, streamflow, and 
soil moisture) could still be incorrect. It is therefore imperative 
to use other data sets to ensure the spatially distributed validity 
of the output of these models as well as the validity of the 
individual components of the water and energy budgets. 

Satellite-observed surface temperatures satisfy our require- 
ments of being spatially distributed and having connections to 
both the water and the energy budgets. Surface temperature 
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influences evapotranspiration (because of the dependence of 
the saturation vapor pressure on the surface temperature) and 
hence the energy budget. Evapotranspiration is connected to 
the water budget as it determines the subtraction of moisture 
from the soil layers. 

However, comparisons of surface temperature still do not 
ensure that the model simulations of surface soil moisture are 

accurate. There are various reasons for inaccuracies in the 

modeled soil moisture. The primary reason is the errors in the 
forcing inputs of precipitation and incoming solar radiation. 
The problems faced by global climate models in simulating 
precipitation have been documented in the Atmospheric 
Model Intercomparison Project [Gates et al., 1999]. In addi- 
tion, intercomparison of land surface model outputs derived 
using similar forcing data has yielded information on the in- 
adequacies of various parameterizations [Henderson-Sellers et 
al., 1996]. 

Therefore we need to compensate for the errors in the input 
forcings by assimilating the readily available spatially distrib- 
uted satellite-observed surface temperatures. The model sur- 
face temperatures will be adjusted so as to reduce their differ- 
ences with the observed surface temperatures. These 
adjustments will be carried out such that the soil moistures are 
corrected to correspond to the new surface temperatures so 
that they obey the water and energy budget equations. 

The subject of assimilation of soil moisture or other mete- 
orological variables in order to estimate soil moisture accu- 
rately is a relatively new area of study [McLaughlin, 1995]. 
Recent advances in inverse methods [Entekhabi et al., 1994; 
Lakshmi et al., 1997b] have demonstrated the use of microwave 
satellite data in estimating soil moisture. The assimilation of 
soil moisture from low-level atmospheric variables using a me- 
soscale model [Bouttier et al., 1993a, 1993b] has shown that the 
assimilated soil moisture estimates help in the initialization of 
atmospheric models. Another class of methods use satellite 
estimates of surface temperature [Ottle and Vijal-Majdar, 1994] 
and surface temperature tendencies [McNider et al., 1994] to 
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adjust for the soil moisture and estimate with greater accuracy 
the surface fluxes and surface temperature. van den Hurk et al. 
[1997] carry out assimilation by nudging the forecast model 
evaporation fraction using the satellite data and hydrological 
model-computed evaporative fraction. The results are reduc- 
tions in the predicted 2-m air temperature and vapor pressure 
after carrying out these assimilations. Parameterization of hy- 
drological models using microwave satellite data [Blyth, 1993] 
has proved to be helpful. Our method of surface temperature 
assimilation is quite similar to the methods of Ottle and Vijal- 
Majdar [1994] and McNider et al. [1994], who have used surface 
temperature to adjust the model-simulated soil moisture. 
However, Ottle and Vijal-Majdar [1994] did not carry out dis- 
tributed comparisons for their scheme. They compared the 
daily discharges between the assimilated and the unassimilated 
cases and point soil moisture comparisons for a few sites. The 
study by McNider et al. [1994] was carried out for a limited time 
period (few hours to few days) and did not fully validate (over 
an extended time period) the improvements due to assimila- 
tion of surface temperature. This method differs from the 
scheme of Bouttier et al. [1993a, 1993b], who use a regression 
between soil moisture and air temperature and relative humid- 
ity. 

In this paper, the model-computed surface temperature and 
the satellite-observed surface temperatures will be compared. 
The effect of assimilation in removing the errors caused by 
incorrect input forcings will be studied. Spatially distributed 
comparisons are carried out over an area (roughly 5 ø lati- 
tude x 10 ø longitude) and a time period of a year between the 
assimilated and the unassimilated scenarios. In this paper, we 
have carried out assimilation of satellite surface temperatures. 
However, this methodology is completely general to be applied 
with field measurements of surface temperature. 

2. Theory 

The land surface hydrology can be represented by a two- 
layer model (top layer is 1-cm thick and the bottom layer is 
99-cm thick), as shown in Plate la [Mahrt and Pan, 1984; 
Lakshmi et al., 1997a]. The water balance for the model can be 
written as 

O301 
Z 1 -• : P - E - R - ql,2, 

002 
Z2-•-= ql,2- q2,wt- T, (1) 

where 0• and 02 are the volumetric soil moistures of the top 
layer (with thickness z i ) and the bottom layer (with thickness 
z2), respectively. P is the precipitation, E is the bare soil 
evaporation, R is the surface runoff, T is the transpiration, q •,2 
is the moisture flow from layer 1 to layer 2 and q2,wt is the 
moisture flow from layer 2 to the water table. The time step in 
this model is 1 hour. In this model the transpiration is assumed 
to occur from the bottom layer only. The moisture flow from 
layer 1 to layer 2 (q •,2) and the flow from layer 2 to the water 
table (q2,wt) are modeled using Richard's equation accounting 
for the gravity advection and the moisture gradient. The bare 
soil evaporation and the vegetation transpiration are estimated 
using the supply and demand principle; that is, if there is 
enough moisture to satisfy the potential value, evaporation and 
transpiration occur at the potential rate, else they occur at a 
rate limited by the amount of available soil moisture. 

The energy balance equation for the land surface (which is 
used to calculate the surface temperature rs) is written as a 
balance between the net radiation and sensible, latent, and 
ground heat fluxes as 

pCp 
Rsd(1 -- a) +Rtd- ecrr• 4 - y(rav + rc ) (es(rs) - ea) 

pCp K 
rah (rs- Ta)- •(Ts- Td)= 0, (2) 

where R sd and R•d are the incoming shortwave and longwave 
radiation, respectively, and a, e, and cr are the albedo, emis- 
sivity, and the Stefan-Boltzmann's constant, respectively. ET is 
the evapotranspiration flux, equal to E plus T; rs, Ta, and Td 
are the surface temperature, air temperature, and the deep soil 
(50 cm) temperature, respectively. Variables es(rs) and ea are 
the saturated vapor pressure at surface temperature T s and 
actual vapor pressure of the air, respectively. Variables p, Cp, 
and •/are the density, specific heat, and psychrometric constant 
of air; r• v and r•h are the aerodynamic resistances to vapor and 
heat, respectively, and rc is the canopy resistance. Variables • 
and D are the thermal conductivity and the diurnal damping 
depth of the soil. The aerodynamic resistances to vapor (r•v) 
and heat (r•h) are taken as equal to each other and are eval- 
uated as [Brutsaert, 1982] 

r a = rah = k•-•u in , (3) v Z0 

where k is the von Karman constant (0.4), u is the wind speed, 
at elevation z, zo is the roughness length, and d is the zero 
plane displacement. The canopy resistance is given by [Feyen 
and Hillel, 1980] 

st 

r c = rmin/• , (4) 
where •t is the minimum stomatal resistance and E is the leaf rrnin 

area index. The depth of the top layer of the soil was set to be 
1 cm in order to evaluate the surface temperature and the 
surface soil moisture. 

2.1. Assimilation of Surface Temperature 

Evapotranspiration is the common variable that couples the 
land surface water and energy balance equations. Changes in 
the surface temperature of the land surface alter the heat 
fluxes, net radiation and latent, sensible, and ground heat 
fluxes. The change in latent heat flux or evapotranspiration 
changes the soil moisture content of the layers contributing to 
the evaporation (from the 1-cm layer) and the transpiration 
(from the 99-cm layer). Therefore the assimilation of surface 
temperature changes the soil moisture. 

Let T• be the surface temperature computed by the land 
surface model and T•' be the satellite-observed surface tem- 
perature. As stated earlier, the observed surface temperature 
can be ground in situ observations and/or satellite observa- 
tions. In this study, we used satellite-retrieved surface temper- 
atures for the observations. As a starting point, let us assume 
that these two estimates of surface temperature can be com- 
bined algebraically in a simple fashion to obtain the "correct" 
estimate of the surface temperature. One way of combining 
these two estimates to yield an assimilated surface temperature 
estimate would be 

(A r•ø) 2 (A r•m) 2 
T; = (A r•m) 2 + (Ar•o) 2 r• m + (Ar•m) 2 + (Ar•o) 2 r• ø, (5) 
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where A T• ø and A T• m are the errors in the observed surface 
temperature and the model-simulated surface temperature, 
respectively, assuming the errors are uncorrelated. 

In reality, both the error associated with the model estimate 
of surface temperature as well as the observed surface temper- 
ature are difficult to determine. As a result, in this paper a 
simple average is used to estimate T's as follows: 

T•ø+ T? 
T; = 2 ' (6) 

In section 5 I will present a more detailed explanation for 
the choice of using a simple average in (6). This choice is 
relative to the magnitude of the differences of the model- 
estimated Ts and the field measurement of T• and the magnitude 
of the satellite-retrieved T• and the field measurement of T•. 

The assimilated surface temperature T} will have to satisfy 
the energy balance equation. Therefore we can calculate the 
value of the evapotranspiration flux ET' that satisfies the same 
(from (2)), i.e., 

ET' = Rsa(1 - a) + gld- co'T3 4- Hi(T 3 - ra) 

- G l(T's - Ta), (7) 

where ET' is the new evapotranspiration flux associated with 
the assimilated surface temperature T'• and H• and G • are the 
coefficients dependent on the aerodynamic resistance to heat 
flux and soil resistance to heat conduction, respectively; H• = 
pCp/rah and G • = KID. ET' is a combination of the bare soil 
evaporation and the vegetation transpiration (in depth units); 
we have 

ET' E' T' 
= --+ (8) owl OwL OwL' 

where Pw and L are the density and latent heat of evaporation 
for water, respectively. This new bare soil evaporation E' and 
vegetation transpiration T' are given by partition based on 
weighting the thickness of the two soil layers, i.e., 

W• 
E' = ET' -- 

W• + W2' 

W2 (9) 
T'= ET'-- 

W• + W2' 

W• and W2 are the water-holding capacities of layer 1 and 
layer 2, respectively, along with the assumption that the bare 
soil evaporation E occurs from layer 1 only and the vegetation 
transpiration T occurs from layer 2 only (no roots in layer 1). 
The difference between the model-computed and the new 
evapotranspiration flux ET' is given by 

ET' - ET = •ET = -4•o'T•3•Ts- H•Ts- G•Ts, (10) 

where •T• = T} - Ts, the difference between the assimilated 
surface temperature and the model-computed surface temper- 
ature. The partition of this difference in evapotranspiration 
•ET into the difference for bare soil evaporation •E and the 
vegetation transpiration •T is given by 

W• 
•E = •ET-- 

W• + W2' 
(•) 

•T = •ET-- 
W• + W2' 

The soil moisture of layer 1 and layer 2 has to be modified by 
•0• and •02, respectively, when this new bare soil evaporation 
and vegetation transpiration are implemented, i.e., 

•E At 

•0• = pwL z• 
(12) 

•T At 

•02 = Ow L z2 
where At is the time step in our land surface model. We will 
adjust the layer 1 soil moisture by $0• and the layer 2 soil 
moisture by 1502 as 

0[= 0•+•0•, 

0[ = 02 -• •02. 

Here 01 and 0• are the new soil moistures associated with the 
assimilated surface temperature T'•; they are physically consis- 
tent with the energy and water balance. 

This method is completely general; it does not depend on 
the thickness of the soil layers or the parameterizations used in 
the land surface model. Given an assimilated surface temper- 
ature, the land surface soil moisture is changed to keep the 
energy and water budgets balanced. Therefore at no stage is 
the conservation of energy or water violated. 

2.2. Impact of Surface Temperature Assimilation 

In order to investigate the impact of the surface temperature 
assimilation on model-simulated soil moisture using the above 
procedure, we have performed computations for a few scenar- 
ios. Corresponding to surface temperatures T, of 273, 283, 293, 
303, 313, and 323 K, the energy balance factor EBf = 4•o-T• 4 
+ H• + G • is computed for a 2-m wind speed of 4.0 m s -•, 
zero plane displacement of 0.25 m, roughness length of 0.07 m, 
thermal conductivity of 3.5 J s- • m- • K-•, and diurnal damp- 
ing depth of 0.5 m. We calculate the corrections in soil mois- 
ture •0• and •02 as follows: 

1 W• At 

•0, = (•Ts)(EB•) z• W• + W 2 Ow L' 
1 W2 At 

•02-- (•rs)(Egf) z--• W 1 n t- W 2 Ow L' 
(14) 

We have chosen in our modelz• = 1.0 cm andz2 = 99.0 cm. 
Using a residual soil moisture content Or of 0.02 and saturated 
soil moisture content 0• of 0.50, W• = (0.50-0.02)1.0 = 
0.48 cm and W 2 = (0.50-0.02)99.0 = 47.52 cm and the 
factors (1/z•)[W1/(W 1 + W2) ] and (1/z2)[W2/(W • + W2) ] 
are equal to 1.0 m -•. This is a result of our choice of a 
hydrological model with a thin top layer of 1.0 cm and a bottom 
layer of 99.0 cm. As a result of this simplification, (14) is 
identical for •0• and •02 as 

•01 = •02 = (•rs)(Egf)-- 
At 

pL' 

The values for pw and L are 997 kg m -3 and 2500 K J kg -•, 
and At is 1 hour. Using the above expressions and the above 
values, the energy balance factor EBf for the surface temper- 
ature range 273-323 K is 85.44-88.41 W m -2 K -• and •0•/ 
•T, and •02/•T, equal to each other are in the range 1.23 x 
10-4-1.28 x 10 -4 K -•. This result shows that the impact of the 
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0 I 2 3 4 5 

Observed minus Model Surface Temperature (K) 

Figure 1. Adjustment in the upper soil moisture amount 
(millimeters) corresponding to a single day difference in mod- 
el-simulated and observed surface temperature. 

Table 1. List of Surface Airways Stations 

Name Latitude Longitude Height, feet a 

Abilene, Texas 32025 ' 99041 ' 21 
Amarillo, Texas 35014 ' 101042 ' 23 
Dallas-Fort Worth, Texas 32o54 ' 97o02 ' 22 
Lubbock, Texas 33039 ' 101049 ' 25 
Midland, Texas 31057 ' 102011 ' 22 
Oklahoma City, 35024 ' 97036 ' 20 

Oklahoma 

Roswell, New Mexico 33018 ' 104032 ' 20 
Stephenville, Texas 32013 ' 98ø11' 20 
Wichita Falls, Texas 33058 ' 98029 ' 21 
Longview, Texas 32021 ' 94039 ' 22 
Tucumcari, New Mexico 35011 ' 103036 ' 22 
San Angelo Mathis, 31022 ' 100030 ' 20 

Texas 

Clayton, New Mexico 36027 ' 103009 ' 33 
Fort Smith, Arkansas 35020 ' 94022 ' 23 
Dodge City, Kansas 37046 ' 99058 ' 33 
E1 Paso, Texas 31048 ' 106024 ' 32 
Lufkin Angelina, Texas 3 ! ø14' 94ø45' 22 

aOne foot equals 0.3048 m. 

difference in surface temperature of the model and assimila- 
tion (/•Ts) on the volumetric soil moisture content is very 
small. In the case of a 10 K difference in surface temperature 
the adjustment in the volumetric soil moisture contents/•0• and 
/•02 is 0.00125. This translates into a soil water depth of 0.00125 
cm for layer 1 and 0.124 cm for layer 2. This is the adjustment 
incurred in per model time interval (1 hour in this case). In 
case the difference between the model and the assimilated 

surface temperature is on the average 3 K for each hour for 10 
days, the adjustment to the volumetric soil moisture contents is 
0.09. The corresponding adjustment to the total soil water 
depths is 0.09 cm in layer 1 and 8.9 cm in layer 2. The variation 
in the soil moisture content increment (in millimeters) for the 
top layer with/•Ts is shown in Figure 1 for various wind speeds 
(2 m s-•-10 m s -• at increments of 2 m s-•). The variation of 
the surface soil moisture increment with/•T• is linear. Figure 2 
shows that as the wind velocity increases, the changes in the 
soil moisture for the same/•T• also increase. 

3. Comparisons of Surface Temperature 
3.1. Description of Study Area 

This study was carried out over an areal extent of 4.75 ø in 
latitude and 10.5 ø in longitude in the southwestern plains of 
United States (Figure 2). The area includes a small part of 
eastern New Mexico, most of Oklahoma (except a small part in 
the north), and northern Texas (a small portion of the pan- 

! ] .................................... 

Figure 2. Grid box of study area in the Red-Arkansas study 
region. 

handle is left out). The region has a topographic relief between 
600 and 1500 m in the high plains of eastern New Mexico and 
western Texas, between 300 and 600 m in midcontinent plains 
of north central Texas and central Oklahoma, between 150 and 
300 m in eastern Oklahoma, and between 0 and 150 m in the 
Gulf Atlantic rolling plains of southeastern Texas. The vege- 
tation ranges from grama buffalo grass in eastern New Mexico 
and western Texas to mesquite buffalo grass in south central 
Texas, cross timbers in north central Texas, and oak hickory 
pine forests in southeastern Oklahoma and eastern Texas. The 
land types in the area include subhumid grassland, semiarid 
grazing land, cropland, irrigated land, cropland pasture, wood- 
land, and forests. The mean annual precipitation ranges from 
around 40 cm in the western regions to 120 cm in the eastern 
regions of the study area. 

3.2. Data Sets 

The meteorological data were obtained from the surface 
airways stations (17 stations on a hourly temporal frequency) 
from Earthlnfo's National Climate Data Center data product. 
These data were used to force the model. The meteorological 
variables include: air temperature, dew point temperature, air 
pressure, wind speed, cloud height (defined as the height of the 
lowest sky cover layer more than 1/2 opaque), total sky cover, 
and wind speed. Table 1 gives a list of the surface airways 
stations as well as their geographical location. The incoming 
longwave radiation (It) is computed using I l = KEatrT• 4, 
where K is a factor that accounts for cloud cover effects and is 

given by K - 1 + 0.17N 2 [Tennessee Valley Authority, 1972], 
N is the fraction of the sky covered by clouds, E a is the 
atmospheric emissivity given by [Idso, 1981] E• = 0.740 + 
0.0049e, e is the vapor pressure in millibars, o-is the Stefan 
Boltzmann constant (5.67 x 10 -8 J m -2 s -1 K-4), and T• is 
the surface air temperature. The incoming clear-sky shortwave 
radiation is based on the digital elevation map of the area 
[Dozier and Frew, 1990]. This value is corrected for cloud cover 
effects [Eagleson, 1970] by the factor 1 - (1 - K) N to obtain 
the corrected incoming shortwave radiation; K accounts for the 
cloud height (K - 0.18 + 0.0853z, where z is cloud base 
altitude in kilometers). 

The vegetation data have been obtained from the University 
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of Maryland reprocessed National Oceanic and Atmospheric 
Administration (NOAA) Global Vegetation Index Data Prod- 
uct [Goward et al., 1994] from measurements made by 
AVHRR onboard NOAA polar-orbiting satellites. The obser- 
vations were mapped to a plate carree' projection (between 
75øN and 55øS, with a resolution of 16 km at the equator) and 
calibrated radiometrically for spectral reflectance. The normal- 
ized difference vegetation index (NDVI) values were con- 
verted to leaf area index (t•) using a Beer's law kind of varia- 
tion [Baret and Guyot, 1991] as NDVI = NDVI• + (NDVI a - 
NDVI•) exp (--KNDwi•), where NDVI a corresponds to bare 
soil (0.193), NDVI• is the asymptotic value when i• tends to 
infinity (limit reached when t• is greater than 8.0), and KNDVI 
controls the slope (an extinction coefficient). The values of 
KNDVI and NDVI• depend on the average leaf inclination 
(equal to 0.93 and 0.965 for average leaf inclination of 50 ø ) 
[Baret and Guyot, 1991]. 

Manually digitized radar (MDR) is a program that produces 
a complete computer-generated composite map of the echo 
characteristics. These data have been generated using infor- 
mation from all the 100 radars around the country [Moore and 
Smith, 1979]. The data are presented as video integrator and 
processor (VIP) levels, which are the maximum levels for that 
particular grid box. These VIP levels are related to the rainfall 
rate (echo intensity is a function of precipitation), and MDR 
VIP levels 1, 2, 3, 4, 5, and 6 correspond to an echo intensity of 
light, moderate, heavy, very heavy, intense, and extreme. The 
VIP levels are converted into rain rates using conversion tables 
[Fan et al., 1996], which take into account the geographical 
position of the MDR pixel, the month of the year, and the time 
of the day. The spatial and temporal resolution of the MDR 
data are 40 km and 1 hour, respectively [Baeck and Smith, 
1995]. 

Soil type data for the Red River basin were available [Ab- 
dulla et al., 1996]. Most of the Red River basin is composed of 
silt loam and loam soil. The Brooks-Corey parameters for a silt 
loam soil are 0r = 0.02, 0s = 0.50, ½(0s) = 0.2 m, K s = 
1.89 x 10 -6 m s -1, and m = 0.2 [Rawls et al., 1982]. 

The TIROS operational vertical sounder (TOVS) has flown 
on NOAA spacecraft since 1978. The radiances observed by 
the high-resolution infrared sounder (HIRS2) and the bright- 
ness temperatures of the microwave sounding unit (MSU), the 
two sensors that make up TOVS, have been analyzed to pro- 
vide daily fields of air temperature and humidity profiles, sur- 
face temperature, and cloud amounts and altitudes that occur 
[Susskind et al., 1997]. These data sets are available as daily 1 ø 
x 1 ø gridded fields which we use in this study. The surface 
temperature is computed directly using the radiances from 
channels 8, 18, and 19 (the thermal channels) of the HIRS2 
and the Planck equation. The surface air temperature and the 
specific humidity near the surface is obtained by extrapolating 
the air temperature profile and the specific humidity profile to 
the surface pressure level [Susskind et al., 1984]. The data from 
NOAA 10 satellite for August 1, 1987, to July 31, 1988, are 
used here. The surface temperature is used for T•'; the surface 
air temperature and specific humidity are used for computing 
input forcings and various fluxes whenever they are available. 
When the satellite values are not available, (1) in the absence 
of T•', assimilation is not carried out for the particular pixel 
and time period. (2) When air temperature and specific hu- 
midity are not available, the hourly values from the surface 
airways stations are used instead. NOAA 10 has a nadir 7:30 
A.M./P.M. local time overpass at the equator. The observa- 

tions at all other locations, north or south of the equator and 
all off-nadir observations, are at times different from 7:30 
A.M./P.M. Since air and surface temperatures are very sensi- 
tive to time of day, the exact local time at each location was 
used in conjunction with the surface and air temperatures and 
the surface specific humidity. There are missing values in re- 
gions of excessive (80%) cloudiness. The TOVS surface tem- 
perature data have been shown [Lakshmi and Susskind, 2000] 
to have good agreement with the ground-based observations of 
surface temperature. The two estimates are unbiased (average 
difference over a long time period nearly equals zero), and the 
standard deviation of this bias is 3.5 K. These are excellent 

comparison characteristics when we take into account that the 
satellite is observing over an area and the ground measure- 
ments are point in nature. Finally, the TOVS satellite data are 
available 4 times a day (2:30 A.M./P.M. and 7:30 A.M./P.M.), 
which gives us a good diurnal characterization of the land 
surface temperature. 

3.3. Observed Versus Simulated Surface Temperatures 

The TOVS-derived surface temperatures corresponding to 
the NOAA 10 A.M. and P.M. overpasses averaged over the 
entire Red-Arkansas grid box (approximately 5 ø x 10 ø) are 
shown as a scatterplot (Figure 3) against the corresponding 
hydrological model-simulated surface temperature. Each 
point in the plot represents an instantaneous value. The value 
of the simulated surface temperature corresponding to each 1 ø 
x 1 ø grid box for the simulation corresponds to the exact time 
of overpass of the satellite over that grid box. The scatterplot 
shows that the mean difference between the satellite surface 

temperature and the model surface temperature (bias) is 
1.77øC for the morning overpass and -3.67øC for the evening 
overpass. The correlation between the satellite and the model- 
simulated surface temperatures is high (0.97 for the morning 
overpass and 0.98 for the evening overpass). The standard 
deviation of the difference between the satellite surface tem- 

perature and the model-simulated surface temperature is 2.5øC 
and 1.79øC for the morning and evening overpasses, respec- 
tively. The slope of the best fit line gives an indication of the 
range of the two data. Slope values of less than unity mean that 
the model-simulated surface temperature has a lower range 
(maximum minus minimum) than the satellite surface temper- 
ature. This is the case for both the morning and evening sat- 
ellite overpasses. 

The comparison of the model-simulated diurnal cycle with 
the TOVS-derived surface temperature is shown in Figure 4 
for four different days (one in each season, fall, winter, spring, 
and summer) in the year-long study period for a 1 ø x 1 ø pixel 
centered at 33ø30'N, 99ø30'W. The simulated surface temper- 
ature differs from the satellite observations by at most a few 
degrees. The difference between the TOVS-derived and the 
simulated surface temperatures for September 10, 1987, is 
2.2øC for the morning overpass of the satellite and -3.9øC for 
the evening overpass. The corresponding numbers for Decem- 
ber 12, 1987, March 11, 1988, and June 21, 1988, are 2.8øC, 
4.0øC, and 4.4øC, respectively, for the morning satellite over- 
pass and -4.4øC, -5.3øC, and 1.1øC, respectively, for the 
evening overpass. It is seen that the difference between the 
satellite and the simulated surface temperatures is positive in 
the morning overpass (satellite surface temperature is warmer) 
and is negative corresponding to the evening overpass (the 
model surface temperature is warmer). The only exception is 
the June 21, 1988, evening overpass when the difference is 
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Figure 3. Comparison of the area-averaged model-gener- 
ated and satellite-observed surface temperature corresponding 
to the morning and evening overpass of NOAA 11 for the Red 
River basin grid box over 1 year (August 1987 to July 1988). 

positive (the model is cooler). The model-simulated diurnal 
cycle shows a realistic seasonal pattern with warmer tempera- 
tures in the months of September and June and cooler tem- 
peratures in December and March. The diurnal cycle of the 
surface temperature shows a maximum around noon and min- 
imum around 8:00 A.M. This comparison gives us a good idea 
of the relationship of the model-simulated data and the twice 
a day satellite retrieval. These comparisons over various sea- 
sons provide us with an idea of seasonal variability of the 
differences. 

Plate 2a examines the spatial distribution of the mean and 
standard deviation of the satellite and model-simulated surface 

temperature difference. Temporal averaging of all morning 
and evening overpasses from August 1, 1987, to July 31, 1988, 
has been carried out for this result. The mean (temporal) bias 
(satellite minus model) is positive in the morning overpass 
(satellite warmer) with values ranging from 0.625øC to 3.94øC. 
The mean bias is predominantly negative for the evening over- 
pass (satellite cooler) with the values ranging from -4.72øC to 
0.107øC. This is consistent with the results of the four individ- 

ual days (shown in Figure 4) which fall within these ranges. The 

September 10, 1987 
32O 

28O 

Dex•mber 12, 1987 

0 4 8 12 16 20 24 

March 11, 1987 June 21, 1987 
320 32O 

310 310 

300 300' • 
290 • 290 
280 * 280 

Figure 4. Comparison of model-computed diurnal cycle of 
surface temperature and the satellite-retrieved surface temper- 
ature from NOAA 10 for a 1 ø x 1 ø pixel centered at 33ø30'N, 
99ø30'W for 4 days. 

temporal standard deviation, however, is always positive and 
ranges between 4.05øC and 5.59øC for the morning overpass 
and 3.06øC and 4.61øC for the evening overpass. The range in 
the mean bias is larger than the range in the standard deviation 
for both the morning and the evening satellite overpasses. In 
the morning overpass the bias is greater in a small zone run- 
ning north-south in the center of the study area (around 4 K). 
The lower bias is seen in the edges of the study area (-1 K to 
1 K), and the other areas fall roughly between these two bias 
values (2 K to 4 K) predominantly in the western portion of the 
study area. In the evening overpass the pixels of greatest bias 
are spread out in the east and the northwest. The spatial 
pattern for standard deviation does not exhibit distinct spatial 
patterns. 

The comparison between the satellite surface temperature 
and the model-simulated surface temperature for an individual 
day (March 11, 1988) is shown in Plate 2b. The TOVS A.M. 
and P.M. overpasses are generally not "complete" (i.e., there 
are missing values for many pixels) over the study area. The 
model simulations are carried out for every pixel. The differ- 
ences (satellite minus model) are absent for the pixels where 
TOVS surface temperatures are not available. This nonavail- 
ability could be due to excessive cloudiness (retrievals are not 
performed beyond 80% cloudiness) and/or orbit precession 
(wherein a spot is missed on a particular orbit). The difference 
between the satellite and the model surface temperature 
ranges between -8.21øC and 9.62øC for the morning overpass 
and -10.77øC and 8.44øC for the evening overpass. It is seen 
that the highest values of these differences occur in the west 
central portions of the study area in the morning overpass and 
central portion of the study area in the evening overpass. The 
differences generally have opposite signs between the morning 
and evening overpasses (positive for morning and negative for 
evening, similar to Figure 4). Most of the pixels show differ- 
ences between -4øC and 0øC for the evening overpass and 
between 3øC and 8øC for the morning overpass. The differ- 
ences between the satellite and the model surface tempera- 
tures are larger for a single day case (May 11, 1989) as com- 
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Plate 2. (a) Spatial distribution of the surface temperature bias (satellite minus model) and standard 
deviation of the bias for NOAA 10 A.M. and P.M. overpasses for the period between August 1, 1987, and July 
31, 1988. (b) Spatial distribution of the surface temperature retrieved by TIROS operational vertical sounder 
(TOVS), model-computed surface temperature, and the differences for the A.M. and P.M. overpasses on 
March 11, 1988. 
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pared to the averages over the entire year which are smaller 
because of the averaging effect (compare Plate 2). 

4. Soil Moisture Adjusted by Surface 
Temperature Assimilation 

The assimilation scheme described in section 2 is tested 

using a series of experiments. The land surface hydrological 
model is run in two modes, namely, without assimilation of 
satellite surface temperature data and with the assimilation of 
satellite surface temperature. The data input into the hydro- 
logical model described in section 3.2 are treated as "perfect" 
inputs (described in section 3.2). The hydrological model is run 
along with this set of inputs with and without surface temper- 
ature assimilation. In addition to this set of runs the hydrolog- 
ical model is run with the "perfect" inputs perturbed. Pertur- 
bation is carried out for precipitation and the shortwave 
radiation as they have the most impact (of all the atmospheric 
inputs) on the land surface hydrological cycle. The precipita- 
tion affects the land surface moisture storage through the 
infiltration and the runoff and the upper and the lower layer 
soil moistures. The shortwave radiation is the driving force for 
the evapotranspiration during the sunlight hours. The precip- 
itation and the shortwave radiation are biased 20% higher, 
20% lower, and randomly using a random number between 0 
and 1. In the runs where precipitation is biased, all the other 
inputs are unchanged (this includes the shortwave radiation) 
and vice versa. The only exception to this is one set of runs in 
which both the precipitation and the shortwave radiation are 
randomly perturbed simultaneously. The corresponding runs 
with and without surface temperature assimilation are com- 
pared. We simulate (continuously) hourly hydrological states, 
i.e., soil moisture, surface temperature, and all the heat and 
moisture fluxes. At the time step the TOVS surface tempera- 
ture becomes available to us, we assimilate it using the rela- 
tionship in (6). Therefore we do not carry out assimilation in 
the 12 hours between the two overpasses. In the present study, 
when satellite data are absent, no assimilation is carried out. 
There is no spatial or temporal interpolation of satellite data. 
The statistics for availability of data for the boxes for a year are 
as follows. The percentage of coverage (365 observations 
would mean complete coverage for the 7:30 A.M. orbit or 7:30 
P.M. orbit, so percentage of 365 is expressed) for the 7:30 A.M. 
orbit ranges from 69 to 77%; for the 7:30 P.M. orbit the 
percentage ranges from 60 to 73%, and for the total (A.M. plus 
P.M. 100% means 730 observations) it ranges between 60 and 
74%. The percentages presented above vary spatially between 
individual 1 ø grid boxes. 

4.1. Comparison of Adjusted Soil Moisture With Special 
Sensor Microwave Imager (SSM/I) Observations 

The observed soil moisture for the Red River basin study 
area is computed using the 19-GHz brightness temperatures 
from the SSM/I for its ascending orbit (local overpass time 
approximately 6:00 A.M.). A canopy radiative transfer model 
and an atmospheric attenuation model have been used to re- 
trieve the surface soil moisture by subtracting the canopy and 
the atmospheric contributions to the observed satellite bright- 
ness temperatures [Lakshmi et al., 1997b]. The SSM/I-derived 
soil moistures are completely independent of this hydrological 
model and the TOVS surface temperature as neither is used in 
the retrieval process. The top panel in Plate lb shows the 
cumulative difference (in millimeters) between the 1-cm-layer 

model-simulated soil moisture from the SSM/I observations of 

soil moisture for the case without surface temperature assim- 
ilation and the SSM/I observations of soil moisture and 1-cm 

model-simulated soil moisture with surface temperature assim- 
ilation for two cases of precipitation bias, i.e., 

Cumulative difference = Z[(IWssmi- Wnal) -- (IWs•mi- 

(16) 
where Wssmi is the soil moisture derived from the ascending 
orbit of the SSM/I, Wna is the soil moisture simulated by the 
model for the case with no surface temperature assimilation, 
and Wa is the soil moisture simulated with surface temperature 
assimilation. The center and bottom panels of Plate lb show 
the effect of surface temperature assimilation on the cases of 
+20% rainfall bias (1.2P) and -20% rainfall bias (0.8P) for 
the surface soil moisture. These results are presented in Plate 
lb for the 66 1 ø x 1 ø boxes for the Red River basin. The effect 

of assimilation of surface temperature is to improve the agree- 
ment of the model-simulated surface soil moisture with the 

SSM/I-retrieved soil moisture by as much as 7.0 mm over the 
November 1987 to August 1988 time period. The reduction in 
the time period for the comparisons is due to the fact that the 
previous study [Lakshmi et al., 1997b] used the period August 
1, 1987, to October 31, 1987, to calibrate the brightness tem- 
perature retrieval algorithm. Therefore the SSM/I brightness 
temperatures are used to retrieve the soil moisture using the 
calibrated parameters from November 1, 1987, to July 31, 
1988. There is significant improvement in the northeastern 
corner (7.09 mm), south central (6.27 mm), and most of the 
west central region (ranging between 3.02 mm and 6.27 mm). 
Most of the study region shows an improvement in the range of 
0-3 mm. A few 1 ø x 1 ø grid boxes show a decline in the 
performance with assimilation; these range from -0.1 mm to 
-0.61 mm. 

The effect of the precipitation bias is to change the soil 
moisture of the model. This effect is a complex one, and it is 
not always a simple case of increased rainfall leading to in- 
creased soil moisture. In the case of high incoming solar and 
longwave radiation this increased moisture could result in in- 
creased evaporation or in cases of a large precipitation event; 
the effect of high soil moisture would be to increase the runoff 
for the time steps subsequent to the precipitation event. There- 
fore a simple cause-effect relationship cannot be formulated 
between the increased precipitation and soil moisture. It can 
be seen from Plate lb that the improvement in the soil mois- 
ture of the top layer due to assimilation ranges from 0 to 7.0 
mm for the positive and the negative rainfall bias cases. The 
regions of most improvement due to surface temperature as- 
similation correspond to the regions which have the largest 
difference between the model-computed surface temperature 
and the TOVS-retrieved surface temperature. This can be ob- 
served by comparing Plates lb and 2a. The region in the north- 
east corner which shows the largest improvement (7.23 mm 
and 6.99 mm for the 0.8P and the 1.2P cases, respectively) 
corresponds to a bias (-4 K to -6 K) in the TOVS P.M. 
overpass. The central region in the two cases where improve- 
ments range from 4 mm to 6 mm corresponds to the same 
region in the TOVS A.M. overpass where the bias ranges 
between 3 K and 5 K. It is clear that the regions where the 
temperatures differ the most correspond to the largest changes 
in the adjusted soil moisture. This adjusted soil moisture is in 
closer agreement with the independent set of soil moisture 
estimates from the SSM/I than the unadjusted (no surface 
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Table 2. Improvement in Areal Average Upper Layer Soil 
Water Compared to SSM/I Retrievals due to Assimilation of 
Surface Temperature 

Experiment Improvement, mm 

no change in inputs 
- 20% precipitation 
+ 20% precipitation 
-20% shortwave radiation 
+ 20% shortwave radiation 

random precipitation 
random shortwave radiation 

random precipitation and shortwave radiation 

2.18 

2.22 

2.14 
2.25 
2.12 

2.19 
2.20 
2.21 

temperature assimilation) soil moistures. This proves our as- 
sertion that the assimilation of surface temperatures rectifies 
the errors caused due to incorrect precipitation estimation. 
Table 2 shows the spatial average of the cumulative improve- 
ments (as shown in Plate lb) for all the cases run with and 
without surface temperature assimilation for different pertur- 
bations of precipitation and radiation inputs. The improve- 
ment is represented as a spatial average, ranging from 2.1 mm 
to 2.2 mm. This shows that the assimilation of surface temper- 
ature is a definite improvement for accurate simulation of the 
surface soil moisture. 

4.2. Comparison of Adjusted Soil Moisture 
With Simulated Control 

In order to fully explore the potential of the surface tem- 
perature assimilation, we carried out more comparisons of the 
soil moisture field adjusted by surface temperature assimila- 
tion with the unadjusted soil moisture field for cases of input 
rainfall biased by +20% and -20%. The simulated observa- 
tions are taken to be the soil moisture fields corresponding to 
the perfect (unperturbed) inputs along with surface tempera- 
ture assimilation. Plate l c shows the bias and the standard 

deviation of the difference: simulated observations minus per- 
turbed rainfall soil moisture field with and without assimila- 

tion. This is shown for both the rainfall bias cases (0.8P and 
1.2P). It can be seen from Plate lc that the effect of assimi- 
lation is to reduce the bias to close to zero. This is true for both 

the increased rainfall (1.2P) and the decreased rainfall (0.8P) 
cases. The bias for the soil moisture field without assimilation 

is high, ranging between -0.006 and 0.001 (volumetric soil 
moisture) for the -20% rainfall input bias and between 
-0.001 and -0.007 for the +20% rainfall input bias. The 
corresponding values of bias are close to 0.0005 or less for both 
the cases after assimilation of surface temperature. The im- 
provement in the standard deviation is also apparent from the 
lower panels in Plate lc. The difference in the standard devi- 
ation between the 0.8P and 1.2P and the simulated observa- 

tions decreases from 0.005-0.020 for no assimilation to 0.0001 

with assimilation in both the cases. This result is significant as 
it demonstrates that the effect of assimilation is not only to 
improve the mean difference between the observations and the 
model simulations but also the day-to-day variability of the 
simulations. The time variation of the area-averaged bias and 
standard deviation differences from the control case is shown 

in Figures 5 and 6, respectively. The upper layer spatial mean 
and spatial standard deviation of the volumetric soil moisture 
are depicted in the top panels (Figures 5 and 6, respectively) 
for the control case with and without surface temperature 
assimilation. It can be seen that in the case of no changes in the 

input, assimilation of surface temperature does not result in 
any significant differences between the two cases of soil mois- 
ture for spatial mean and standard deviation. In Figure 5, the 
middle and bottom panels show the difference between the 
area-averaged soil moisture for the control case with assimila- 
tion and the rainfall bias cases (0.8P and 1.2P, respectively) 
with and without assimilation. It is seen that the perturbed 
input rainfall cases with assimilation case differences in soil 
moisture are closer to zero compared to the case without 
assimilation. The same is true with the soil moisture standard 

deviation. The standard deviation difference between the con- 

trol with assimilation and the perturbed rainfall input simu- 
lated soil moistures shows a better agreement for the surface 
temperature assimilation case (middle and bottom panels of 
Figure 6). The time series of these differences shows that the 
assimilation case is very close to zero for both bias and stan- 
dard deviation and varies temporally for the case without as- 
similation. 

Even though many sensitivity experiments were examined, 
detailed presentation was limited only to those experiments 
related to precipitation perturbation. Precipitation is the most 
important input to hydrological models. Incorrect precipitation 
estimation not only causes incorrect computed soil moisture 
but also incorrect fluxes of moisture, infiltration, runoff, and 
base flow, and fluxes of energy, evapotranspiration flux, surface 
temperature (and hence), sensible ground heat flux, and net 
radiation. Therefore precipitation is the most important and 
the least well known (especially spatial distribution) variable 
and forms the central theme in the discussions in this paper. 
The purpose of having these precipitation bias experiments is 
to prove that in the presence of incorrect precipitation input 
(which will result in incorrect soil moistures), the assimilation 
of observed surface temperature helps to bring the soil mois- 
ture toward the "correct" value. This is physically consistent 
with the fact that the soil moisture and surface temperature are 
not independent of each other but are connected intimately 
through the coupling of the energy and water budgets by 
evapotranspiration. 

5. Discussion and Conclusions 

Unlike measurements of surface temperature, routine ob- 
servations of soil moisture are rare. Field experiments measure 
soil moisture at limited spatial scales and over limited time 
periods. Therefore validation of model-simulated soil moisture 
is virtually nonexistent at regional spatial scales and over tem- 
poral scales of months to years. This paper attempts to recon- 
cile the absence of routine soil moisture observations by using 
the more readily observed surface temperatures to validate 
model surface temperatures and subsequently "adjust" model- 
simulated soil moistures. 

The surface temperature assimilation presented in this pa- 
per adjusts the model-simulated surface soil moisture based on 
the difference between the model-simulated and observed sur- 

face temperature and at the same time preserves the water and 
energy balance at the land surface. This innovative method has 
been shown to produce better predictions of soil moisture 
especially when the rainfall and/or radiation inputs are in er- 
ror. This result has been verified using SSMfl-retrieved soil 
moisture observations which are completely independent of 
the simulation and assimilation schemes as well as the TOVS- 

observed surface temperature. In addition, simulation experi- 
ments that use the hydrological model to produce "observa- 
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Figure 5. Temporal evolution of the upper layer volumetric soil moisture averaged over the Red-Arkansas 
grid box between August 1, 1987, and July 31, 1988, for the (top) control with and without assimilation cases, 
(middle) difference between the spatial average control with assimilation and the rainfall input biased 20% 
lower with and without assimilation, and (bottom) difference between the spatial average control with 
assimilation and the rainfall input biased 20% higher with and without assimilation. 

tions" of soil moisture using the unperturbed inputs are used to 
compare with the hydrological model-simulated soil moisture 
with perturbed inputs with and without surface temperature 
assimilation. The comparisons show that the assimilation of 
surface temperature not only reduces the bias (or the differ- 
ence between the observed and simulated soil moistures) but 
also the standard deviation of the difference. 

The choice of a simple average of model-simulated and 
satellite-retrieved Ts for the assimilated surface temperature 
T's is based on results from previous studies. Lakshmi and 
Wood [1998] showed that long-term simulations of the surface 

temperature using a two-layer hydrological model exhibit a 
bias of 1.7 K and a standard deviation of difference of 4.3 K 

with the field measurements of surface temperature. This study 
corresponds to the First International Satellite Land Surface 
Climatology Project Field Experiment (FIFE) conducted in 
the prairie grasslands of Kansas in 1987-1989 [Hall and Sellers, 
1995]. Lakshmi et al. [1997a, 1997b] used the thin-layer model 
(described in this paper) to show that the model-simulated 
surface temperatures differed from the field measurements by 
a bias of 1.5 K and a standard deviation of 4.8 K. Both these 

studies are based on the grassland regions of Kansas and not 
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Figure 6. Temporal evolution of the upper layer volumetric soil moisture spatial standard deviation over the 
Red-Arkansas grid box between August 1, 1987, and July 31, 1988, for the (top) control with and without 
assimilation cases, (middle) difference between the spatial standard deviation control with assimilation and 
the rainfall input biased 20% lower with and without assimilation, and (bottom) difference between the spatial 
standard deviation control with assimilation and the rainfall input biased 20% higher with and without 
assimilation. 

on the present study region, as field measurements of surface 
temperature were not available for this region. However, the 
two regions are quite similar with respect to land surface cover 
type, and these results can be used. Another interesting fact 
with the above two results is that the difference between the 

field measurements and the model-simulated surface temper- 
ature estimates seem to be independent of the model used. 
This indicates a "limit" on model abilities to accurately simu- 
late these measurements. 

Lakshmi and Susskind [2000] have compared TOVS satel- 

lite-retrieved surface temperatures with field measurements 
for various locations (Kansas, United States of America; Sahel, 
Africa; and boreal forests, Canada). It is seen that the bias and 
the standard deviation for Kansas (FIFE) are 1.3 K and 4.7 K, 
respectively. In fact, the other regions (Sahel and boreal for- 
ests) show remarkably similar statistics to the FIFE region. 

In the light of these results I find it very convincing to 
assume equal weights for satellite retrievals and model esti- 
mates of surface temperature in constructing an assimilated 
surface temperature. 
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The amount of "adjustment" in soil moisture for the cases of 
imperfect precipitation inputs does involve other factors. This 
means that incorrect wind speed or leaf area index cannot be 
individually accounted for in the updating of soil moisture. All 
the discrepancies, in model formulation, model parameters, 
and input data, are taken into account in this assimilation 
scheme. However, in these experiments (0.8P and 1.2P), pre- 
cipitation bias is the largest source of discrepancy, and it is the 
major factor in the adjustment of soil moistures. In most as- 
similation schemes, after assimilation of data, the water and/or 
energy budgets are not preserved. This is not so in the present 
case. In the case of the water budget we change the upper layer 
soil moisture and the bare soil evaporation. Therefore we have 
to adjust the runoff to reflect this change. The runoff is de- 
creased/increased to keep a perfect water balance; that is, 
precipitation equals change in upper layer soil moisture plus 
bare soil evaporation plus runoff plus exchange flux. The ex- 
change flux q•,2 is changed at the time step after updating. 
Therefore the water budget is preserved in this assimilation 
scheme. The energy budget is preserved by recalculating the 
outgoing longwave radiation (using the new surface tempera- 
ture), sensible heat flux, and ground heat flux. 

The assimilation scheme presented in this paper is simple 
and completely general in nature, i.e., independent of the hy- 
drological model structure. It is not specific to the thin-layer 
model which has been used in this study. A similar formulation 
can be used for a three-layer or multilayer soil model. 

This assimilation study will lead to future studies that will 
assimilate more than one hydrological variable into land sur- 
face and coupled land-atmosphere models. The hydrological 
variables that can be assimilated include soil moisture (when 
observations are available) and streamflow data. There are 
numerous spatial and temporal issues with these observations 
and processes that will have to be resolved before such a task 
is undertaken. The resulting general assimilation scheme will 
provide an excellent framework for complete utilization of all 
land surface observations and satellite-retrieved observations 

in improving hydrological predictions. 
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