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1. INTRODUCTION

Numerical weather prediction models require a vast
array of procedures to accurately reproduce the
spectrum of processes which determine the state
of the atmosphere. The temporal and spatial vari-
ability of near-surface temperature and humidity are
primarily quantified by land surface models (LSMs)
which represent the energy exchange between the
surface and the lower atmosphere. Errors in the par-
titioning of latent and sensible heat fluxes can im-
pact the timing of convective initiation, strength of
surface boundaries or quantitative precipitation fore-
casts (Trier et al. 2004). These errors arise largely
from inaccurate measurements of the initial states
of soil moisture or the forecasted evolution of down-
welling solar fluxes, which contribute to the evapo-
transpirative and radiative energy stores.

Since 31 January 1996, the National Center for En-
vironmental Prediction (NCEP) has implemented the
Noah LSM (Chen et al. 1996) as its primary tool for
the forecasts of near-surface temperature, humidity,
soil moisture content, and other boundary layer vari-
ables in its WRF (previously the NAM) and Gilobal
Forecast System (GFS) models and their associated
data assimilation systems. The data used to initial-
ize Noah are derived from satellites with a resolu-
tion of 0.144 degrees (nearly 60 statute miles), radar
precipitation estimates - which suffer from their own
shortcomings in approximations of drop-size distri-
butions and terminal velocities of hydrometeors - and
3-hourly ftrial fields produced by the Eta Data As-
similation System. Because precipitation and down-
welling solar radiation data provide the primary forc-
ing external to the land-atmosphere system, it is crit-
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ical that data used to initialize land-surface model-
ing systems be as representative as possible. How-
ever, because the spatial and temporal resolution
of forcing measurements currently in use by the
National Land Data Assimilation System (of which
Noah is a member) is not sufficient to represent the
small-scale variability in land surface conditions, this
project focused on observations from the Oklahoma
Mesonet for finer scale forcing datasets.

The Oklahoma Mesonet is a network of over 110
automated hydrometeorological observation sites lo-
cated in rural areas throughout the state of Okla-
homa (Brock et al. 1995). Each site collects, among
other observations, temperature, humidity, solar ra-
diation, station pressure, and wind data and trans-
mits at five-minute intervals via the Oklahoma Law
Enforcement Transmission Service to a central lo-
cation where they are processed, quality assured,
and archived. In addition, as part of the Oklahoma
Atmospheric Surface-Layer Instrumentation System
project (OASIS; Brotzge et al. (1999)) 89 sites were
equipped with additional sensors to capture the com-
ponents of net radiation and values of soil moisture
and soil temperature at thirty-minute intervals, and
ten of these stations, known as Supersites, are fur-
ther specialized to quantify boundary-layer fluxes in
the varying climatological regions of the state. Since
the inception of the Oklahoma Mesonet on 1 Jan-
uary 1994, nearly 4 billion observations have been
collected with over 99 percent archived and quality
assured.

This investigation seeks to improve the performance
of the operational Noah LSM by initializing model
runs at nine of the ten Supersites in the hope that
more representative forcing data will lead to im-
proved initial conditions and a more accurate sim-
ulation of the diurnal evolution of the components of



the surface energy balance. By utilizing the unique
set of observations available from the Supersites,
documented biases in the numerical model systems
which implement the Noah can be assessed and
minimized.

2. THE NOAH LSM

In operational settings, the Noah LSM is tied to an
atmospheric prediction system via a boundary layer
parameterization, but in the case of this study it was
sufficient to execute the model as an offline uncou-
pled one-dimensional setup, distributed as the Com-
munity Noah Land Surface Model. Necessary forc-
ing fields include downwelling solar radiation, precip-
itation, near-surface winds, and standard thermody-
namic quantities at thirty-minute intervals for the ba-
sic setup utilized in this study; the option is available
to execute the model with over thirty forcing fields in-
cluding soil temperatures at six depths, carbon diox-
ide flux, and downwelling visible radiation. Because
these fields are not measured at Oklahoma Mesonet
installations, only the basic forcing data was consid-
ered. Just as critical as the forcing data is the cat-
egorization of the underlying surface at the simula-
tion site. Noah requires the user to specify one of
nine soil types as prescribed by Zobler (1986), which
impacts the soil hydraulic conductivity, one of thir-
teen vegetation types (Dorman and Sellers (1989))
which modifies the canopy resistance, the evapo-
transpirative energy, and the energy transfer coef-
ficient between the atmosphere and the ground, and
a value of ground slope, which impacts runoff pro-
cesses (Mitchell 2005). Soil composition values are
available publicly at the Oklahoma Mesonet web-
site (http://www.mesonet.org/sites), and the slope
and vegetation categories were estimated from
panoramic photographs taken at each site, also
available at the above address.

The current public evaluation version of the Noah
LSM, version 2.7.1, suffers from several biases in
near-surface fields, almost all of which can be di-
rectly attributed to errors in the partitioning of bound-
ary layer fluxes. Most notable are the dry, warm bias
during the warm season, owing to an overestimate
in sensible heat flux at the cost of latent heat flux.
Additionally, a nighttime cold bias in 2-meter temper-

atures (Betts et al. 1997) has been attributed to un-
derestimates of downwelling longwave radiation and
daytime cycles of ground heat flux which directly im-
pact the thermal energy stored in the soil.

3. METHODOLOGY
a. Observations from the OASIS Network

The Oklahoma Mesonet is an array of over 110 re-
mote hydrometeorological observation sites span-
ning all 77 of Oklahomas counties and the numerous
geographical regions of the state. Each station col-
lects values of core parameters including air temper-
ature at 1.5 meters, relative humidity, downwelling
solar radiation, precipitation, wind speed and wind
direction at 10 meters, soil temperature at 5, 10, and
30 centimeters below bare soil and local vegetation,
and soil moisture at 5, 25, 60, and 75 centimeters.
Data are collected as five-minute averages in the
case of core parameters, 15 minutes for soil tem-
peratures, and 30 minutes for soil moisture. Figure 1
depicts the locations of the nine installations repre-
sented in this investigation. The Washington Super-
site, in McClain county south of Norman, did not be-
come operational until part of the way through 2003
and thus was not included.

As part of the OASIS project in 1999, 89 observa-
tion sites were upgraded with the ability to quan-
tify boundary layer fluxes, and ten of these sites,
known as Supersites, were equipped with additional
sensors to measure the components of the surface
energy budget in each of Oklahomas distinct cli-
matological regions. At standard OASIS installa-
tions, sensible heat flux is measured using a pro-
file method (Brotzge and Crawford 2000) whereby
Monin-Obukhov similarity theory is applied to verti-
cal temperature and wind gradients (measured at 1.5
and 10 meters AGL). Ground heat flux is measured
using the combination method of Tanner (1960) with
observations of soil heat flux and soil heat storage.
Because net radiation is explicitly measured by the
Kipp and Zonen NR-LITE net radiometer (installed
at 1.5 meters AGL at each site) latent heat flux is
calculated as the residual term in the surface energy



balance equation (assuming closure), given by:
RESID = NRAD — GHF — SHF (1)

where NRAD is the net downwelling radiation, SHF
is the sensible heat flux, GHF the ground heat flux,
and RESID the remaining unaccounted energy, at-
tributed to latent heat flux. Standard sign conven-
tions are followed where positive values indicate flux
from ground to boundary layer in the case of sensi-
ble and latent heat fluxes, and from boundary layer
to ground in the case of net radiation and ground
heat flux. At Supersites, the same measurements
and instrumentation is used as in standard OASIS
installations, but sensible and latent heat fluxes are
measured directly by a Campbell Scientific CSAT3
three-dimensional sonic anemometer and a Krypton
hygrometer, both located at 4.5 meters AGL. Ad-
ditionally, the Supersites measure downwelling and
upwelling solar and terrestrial radiation with a CNR1
four-component net radiometer installed at 1.5 me-
ters AGL. The use of direct measurement techniques
eliminates systematic errors in latent heat flux mea-
surements in cases where one or more of the other
terms in Equation 1 are not available.

b. Forcing and Validation Datasets

The public evaluation version of the Noah land sur-
face model requires seven distinct fields in its ba-
sic forcing configuration: air temperature, humidity,
wind speed, surface pressure, downwelling solar ra-
diation, downwelling longwave radiation, and precip-
itation. At each site, five-minute averages of these
variables were compiled from the Oklahoma Clima-
tological Survey archive and averaged (disregarding
missing or quality-assurance flagged observations)
to obtain thirty-minute data over the entire calendar
year of 2002 (for the spinup cycle) and 2003 (fore-
cast period). Brief outages occurred during both pe-
riods, and were removed by simple linear interpola-
tion. Extended outages were handled by replacing
missing values with those observed at the closest
neighboring Mesonet station in the case of core pa-
rameters, or by monthly averages in the case of OA-
SIS flux variables.

Validation datasets were assembled in a similar way
for the calendar year 2003, but because the primary

aim of this investigation was to quantify improvement
in the simulation of the diurnal evolution of the sur-
face energy balance, a different set of variables were
compiled: surface temperature at 1.5 meters, down-
welling longwave radiation, net downwelling radia-
tion, sensible, latent, and ground heat fluxes each at
thirty-minute intervals to correspond with the model
output. Recently, Monroe et al. (2005) showed
sensible heat flux data collected by the Oklahoma
Mesonet are detrimentally impacted by the presence
of precipitation, fog, or ice on the sensor. Addition-
ally, isolated spikes in flux data appear as a result
of an error in the data ingestion algorithm, leading to
errors of 1-2 orders of magnitude in the observations
over typical daytime values. Therefore, observations
during the validation period that suffered from these
errors were removed from the analysis.

To further refine the validation dataset, a series of
candidate dates were identified, in which the diurnal
evolution of the planetary boundary layer was dom-
inated by surface radiative forcing. Based on time
series plots, candidate days were chosen on the ba-
sis of two criteria weak surface winds (less than 10
meters per second) during the entire daytime period,
and a continuous diurnal cycle of downwelling solar
radiation. Days which did not meet the specified cri-
teria were eliminated from the study.

4. ANALYSIS

For the calendar year of 2003, model simulated en-
ergy fluxes and temperatures were compared to the
Mesonet observed values for each observation in the
validation dataset. Scatter plots of each variables
predicted versus observed values were generated,
and to quantify the statistical improvement in fore-
cast error the correlation coefficient p, bias ¢, and
the normalized root-mean-squared error (NRMSE)
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were calculated for each model run. In Equation 2, z;
is the modeled values, «/ is the observed values, and
N is the number of observations in the dataset. Fur-
thermore, the calculations were repeated with data
from only the warm season (April 1 to September

NRMSE =

Tmaz — Tmin



30) and the cold season (October 1 to March 31)
to document seasonal biases versus the one-to-one
correlation and to identify systematic sources of er-
ror.

a. Net Downwelling Radiation

Overall, statistical calculations indicates that the
Noah had trouble predicting the evolution of net radi-
ation as the calculated NRMSE of 0.0967 indicates
(see Figure 7), with the majority of the error falling on
the low side as indicated by the bias of -44.18 W m—2
(see Figure 2). Most of this error can be attributed
to the warm season as the NRMSE increased to
0.1192 when only warm season observations were
considered versus 0.0967 for only data taken from
the cold season. Correlation did not change signifi-
cantly between any of the model runs, but bias was
much larger during the warm season.

b. Components of the Surface Energy Balance

Errors in the near-surface temperature fields can be
attributed most strongly to the incorrect partitioning
of latent and sensible heat fluxes overestimation of
sensible heat flux leads to high bias in the surface
temperature, while underestimation leads to a low
bias. The opposite is true for latent and ground heat
fluxes. Modeled sensible heat flux magnitudes ex-
hibited an overall high bias, which was decreased by
2.4 W m~2 with the spinup cycle. The ground heat
flux component exhibited less bias, but the correla-
tion was lower than that of sensible heat flux. The
spinup cycle also resulted in a small decrease in this
bias and a corresponding increase in the correlation.
Because latent heat flux is calculated from the other
three terms it was expected that latent heat flux cal-
culations would suffer errors as a result of the er-
rors observed in sensible and ground heat fluxes.
This is supported by the data displayed in Figure
5, which depict many predicted values of zero latent
heat flux while the observations indicate otherwise.
A closer inspection of the observations for each of
these cases could reveal the underlying cause of
such errors.

During the warm season, the model representation

of latent, sensible, and ground heat fluxes drasti-
cally improved relative to the entire validation period.
Sensible, ground, and latent heat fluxes yielded cor-
relation values of 0.883, 0.884, and 0.731 respec-
tively. The sensible heat flux data exhibited a greater
high bias throughout the entire warm season, while
ground and latent heat flux data exhibited consistent
low biases. These results partly counteract the mod-
els tendency to forecast higher downwelling long-
wave radiation values than observed as latent and
ground heat fluxes act to cool the atmosphere at
the expense of sensible heat flux, whose primary
role is to transfer energy to the lower atmosphere
through changes in ambient temperature, resulting
in a smaller bias in surface temperature (see Sec-
tion 4c).

On the other hand, the models accuracy was de-
creased when only the cold season period was con-
sidered. The correlation observed in sensible, latent,
and ground heat fluxes was 0.812, 0.478, and 0.839
respectively, a slight decrease in consistency over
forecasts during the warm season. However, bias of
each field was smaller in the cold season. NRMSE
decreased in all three heat flux components relative
to the warm season (0.2658, 0.1178, and 0.0737 for
latent, sensible, and ground heat flux respectively).

c. Surface Temperature

As surface temperature is one of the core parame-
ters collected by the Oklahoma Mesonet, more rigor-
ous quality assurance procedures are performed on
temperature observations than those that comprise
the other forcing fields for the Noah LSM. Nonethe-
less, significant error still occurred in the modeled
surface temperature fields at all phases of the study.
The entire dataset exhibited a high bias of just over
1 K, with the spinup cycle resulting in a 0.4K reduc-
tion in the overall bias and a corresponding slight in-
crease in correlation. Temperature bias was highest
during the warm season, at just over 2K. As shown
in Figure 6, the correlation of 0.944 is less than the
value calculated for the entire dataset, but greater
than the model run without the spinup cycle. Alter-
natively, the cold season behavior showed improve-
ment in performance relative to the warm season, as
evidenced by the decreased NRMSE and bias.



Some of this anomalous behavior can be attributed
to the inaccuracies in net radiation, but also may
stem from the way temperature is derived in the
Noah LSM as it is extrapolated from predicted skin
temperature, calculated via the Stefan-Boltzmann
relation. Errors in the predicted downwelling long-
wave radiation will as a result impact the forecasts of
near-surface temperature.

5. CONCLUSIONS

The annual variability of performance of the Noah
LSM was documented through comparisons of cold
and warm season heat flux, radiation, and tempera-
ture data and the results show that accuracy of rep-
resentation of physical processes increases dramat-
ically during the cold season. The greatest errors
were exhibited in net downwelling radiation, latent
heat flux, and sensible heat flux, but with only a nom-
inal impact on the errors in the forecasted surface
temperature field. Conversely the model was able
to reproduce, with reasonable accuracy, the magni-
tudes of ground heat flux and surface temperature.
It appears that while the model has trouble with the
exact partitioning of the surface energy balance, the
overall impact on surface temperature is nominal as
bias of only about 2 K was noted in this simulation.

When forced with data observed by the Oklahoma
Mesonet, it becomes clear that the Noah LSM is par-
ticularly sensitive to anomalous observations in the
forcing dataset. Some of this error may be resolved
by using more iterations of the spinup cycle to re-
duce the impact of spurious or missing data on the
internal climatology and initial energetic and mois-
ture states. Additionally, several of the Supersites
are characterized by varying soil composition with
depth, a factor which is not accounted for in the cur-
rent state of the model system and profoundly im-
pacts the thermal and hydraulic conductivity of the
surface and subsurface layers.

Future investigations have much to build on from the
results of this study. More robust forcing datasets,
perhaps consisting of the extended forcing data
could improve model performance as they have the
added benefit of including latent and sensible heat
flux data as forcing. Additionally, the option exists to

execute the model in any arbitrary physical timestep
below 1 hour and OASIS data allow for validation us-
ing as small as five minute timesteps instead of the
half-hourly value represented by this study.
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Figure 1: Locations of Oklahoma Mesonet sites as of June 2006 (courtesy of Oklahoma Climatological

Survey), annotated to show sites used in this study
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Figure 2: Scatter plot of forecast net downwelling radiation versus Oklahoma Mesonet observations. Plots
on the top half are without spinup, plots on the bottom half include a 5-year spinup cycle. Bias (), correlation
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Figure 3: As in Figure 2 but for sensible heat flux.
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Figure 4: As in Figure 2 but for ground heat flux.
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Figure 6: As in Figure 2 but for 2-meter temperature in Kelvin



All Data Cold Season Warm Season

Spinup Cycle  0.0967 0.0967 0.1192
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Figure 7: Normalized root-mean-squared error in modeled net downwelling radiation relative to Oklahoma
Mesonet observations.
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Figure 8: As in Figure 7, but for sensible heat flux
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Figure 9: As in Figure 7, but for ground heat flux
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Figure 10: As in Figure 7, but for latent heat flux
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Figure 11: As in Figure 7, but for 2-meter temperature



