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ABSTRACT
Weather Research and Forecasting Model forecasts over the Great Salt Lake Desert erroneously underpredict
nocturnal cooling over the sparsely vegetated silt loam soil area of Dugway Proving Ground in northern Utah, with
a mean positive bias error in temperature at 2 m AGL of 3.48C in the early morning [1200 UTC (0500 LST)].
Positive early-morning bias errors also exist in nearby sandy loam soil areas. These biases are related to the
improper initialization of soil moisture and parameterization of soil thermal conductivity in silt loam and sandy
loam soils. Forecasts of 2-m temperature can be improved by initializing with observed soil moisture and by
replacing Johansen’s 1975 parameterization of soil thermal conductivity in the Noah land surface model with that
proposed by McCumber and Pielke in 1981 for silt loam and sandy loam soils. Case studies illustrate that this
change can dramatically reduce nighttime warm biases in 2-m temperature over silt loam and sandy loam soils, with
the greatest improvement during periods of low soil moisture. Predicted ground heat flux, soil thermal conductivity,
near-surface radiative fluxes, and low-level thermal profiles also more closely match observations. Similar results
are anticipated in other dryland regions with analogous soil types, sparse vegetation, and low soil moisture.

1. Introduction
Near-surface (2 m) temperature (NST) forecasts are
critical for the protection of life and property, for economic and operational activities, and for routine dayto-day planning but remain a major challenge for
numerical weather prediction. Modeling systems in
many regions of the world have trouble simulating NSTs
and typically underpredict the diurnal NST cycle, which
largely reflects a pronounced nighttime NST warm bias
(e.g., Steeneveld et al. 2008; Edwards et al. 2011;
Kilpelainen et al. 2012; Holtslag et al. 2013; Ngan et al.
2013). These errors are especially prevalent in high-
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resolution modeling systems (,5-km grid spacing) over
many regions of the western United States (e.g., Mass
et al. 2002; Cheng and Steenburgh 2005; Hart et al. 2005;
Zhang et al. 2013). By influencing low-level stratification, boundary layer depth and mixing, thermally driven
flows, and convective initiation, NST forecast errors
ultimately affect the prediction of precipitation (amount
and type), fog and clouds, air quality, and surface and
boundary layer winds (e.g., Hanna and Yang 2001; Rife
et al. 2002; Marshall et al. 2003; Holt et al. 2006).
There have been numerous hypotheses concerning
the sources of these NST forecast errors ranging from
inadequate horizontal or vertical resolution to the inaccurate initialization and parameterization of boundary layer and land surface characteristics and processes
(e.g., Hanna and Yang 2001; Mass et al. 2002; Marshall
et al. 2003; Cheng and Steenburgh 2005). In this paper,
we concentrate on the initialization and parameterization of land surface characteristics and processes, which
control the surface energy budget and contribute to NST
errors through the inaccurate partitioning of sensible,
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latent, and ground heat fluxes (e.g., Huang et al. 1996;
Davis et al. 1999; Marshall et al. 2003; Reeves et al.
2011). In most land surface models (LSMs), land surface
parameters (e.g., albedo, roughness length, and soil porosity) are specified using land-use and soil-type databases, whereas soil moisture and temperature are derived
from observational data and/or land surface modeling. In
either case, the incorrect specification of these land surface characteristics is at least partly responsible for NST
forecast errors (e.g., Huang et al. 1996; Dirmeyer et al.
2000; Rife et al. 2004; Wen et al. 2012).
Soil moisture is an important initialized variable because it strongly influences NSTs, surface and boundary
layer winds, and the development of moist convection
(e.g., Ookouchi et al. 1984; Avissar and Pielke 1989;
Segal et al. 1989; Doran and Zhong 1995; Banta and
Gannon 1995; Huang et al. 1996; Holt et al. 2006; Zhou
and Geerts 2013), but a lack of in situ observations,
combined with instrument and representativeness errors, limits reliable soil-moisture assimilation (e.g.,
Dirmeyer et al. 2000; Godfrey and Stensrud 2008; Liu
et al. 2011). As a result, most soil-moisture analyses are
based on either land surface model simulations forced
by meteorological data (Dirmeyer et al. 2002) or lowresolution satellite soil-moisture retrievals that can only
retrieve shallow soil moisture (Jackson et al. 2010).
Soil moisture has a direct influence on the ratio of
surface sensible and latent heat fluxes (i.e., the Bowen
ratio; Bowen 1926) but can also affect the surface energy
balance by altering the surface albedo and the soil
thermal conductivity. An increase in soil moisture tends
to decrease the surface albedo, especially for playa land
surfaces with dissolvable salt crusts (Idso et al. 1975;
Tapper 1988), and to increase the soil thermal conductivity since water has a higher thermal conductivity than
the air it replaces (Cosenza et al. 2003). Soil thermal
conductivity is difficult to estimate because it is a function of the volume fractions of water, air, and soil; the
mineral composition of the soil; and the numerous interactions among these variables (Farouki 1986). Although there are several soil thermal conductivity
estimates (e.g., Kersten 1949; de Vries 1963; Johansen
1975; McCumber and Pielke 1981; McInnes 1981;
Campbell 1985), the complexity of soil structure and the
processes involved preclude a physically accurate and
mechanistically based predictive model (Tarnawski
et al. 2009). McCumber and Pielke (1981) offer a simple
method (hereinafter referred to as MP81) to estimate
soil thermal conductivity that was incorporated into
several LSMs, including early versions of the National
Centers for Environmental Prediction–Oregon State
University–U.S. Air Force–Office of Hydrologic Development LSM known as Noah (e.g., Noilhan and
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FIG. 1. Google Earth image of northwestern Utah with relevant
landmarks. The perimeter of DPG is outlined (copyright 2013
Google; imagery copyright 2013 TerraMetrics).

Planton 1989; Ek and Mahrt 1991; Viterbo and Beljaars
1995; Chen and Dudhia 2001; Ek et al. 2003). MP81
produces higher-than-observed soil thermal conductivity in very wet conditions and lower-than-observed soil
thermal conductivity in dry conditions for some soil
textures (Peters-Lidard et al. 1998). For this reason,
MP81 was replaced by the Johansen (1975) method
(hereinafter referred to as J75) in the version of the Noah
LSM that is coupled to the Weather Research and
Forecasting (WRF) Model (Skamarock et al. 2008),
which is considered to be one of the most accurate parameterizations for land surface modeling (e.g., Farouki
1986; Peters-Lidard et al. 1998). More recent parameterizations have adopted J75 but have modified its variables (Tarnawski and Leong 2000; Balland and Arp 2005;
Côté and Konrad 2005; Lu et al. 2007).
In this paper we examine the causes of NST forecast
errors produced by WRF over Dugway Proving Ground
(DPG) in the Great Salt Lake Desert of northwestern
Utah (Fig. 1). This dryland region features an extensive
playa that is surrounded by sparsely vegetated desert,
which has a lower albedo, lower soil moisture, larger
Bowen ratio, and lower soil thermal conductivity than the
playa. These properties contribute to a larger diurnal
temperature range (DTR) over the sparsely vegetated
desert than the playa (Rife et al. 2002), and forecasting
the resulting thermally forced flows (Tapper 1988) is
paramount to DPG’s wind-sensitive military testing operations (Liu et al. 2008). We will show that operational
and retrospective WRF simulations typically underpredict the diurnal temperature cycle over silt loam and
sandy loam soils in the sparsely vegetated desert, with
a pronounced nighttime warm bias. This bias can be reduced by improving the initialization of soil moisture and
by using MP81 for silt loam and sandy loam soils.
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FIG. 2. Domains used for 4DWX-DPG (30, 10, 3.3, and 1.1 km)
and the ARW case studies (12, 4, and 1.3 km); the 30-s-resolution
elevation (m) is shaded.

2. Data and methods
a. Operational NST forecasts
Four months of NST forecasts for DPG were examined to identify biases in WRF. We concentrate on
September and October of 2011 and 2012 because these
months are most relevant to the Mountain Terrain Atmospheric Modeling and Observations (MATERHORN)
autumn 2012 field campaign, held at DPG from 25
September to 25 October 2012. We refer to September–
October of 2011 and September–October of 2012 as
the pre-MATERHORN and MATERHORN periods,
respectively.
The source of the forecasts is the U.S. Army Test and
Evaluation Command Four-Dimensional Weather System (4DWX), developed by the National Center for
Atmospheric Research (NCAR). We used two versions
of the 4DWX run for DPG (4DWX-DPG). In 2011 the
system was based on version 3.2 of WRF, and in 2012 it
was based on version 3.3.1 of WRF, which updated the
urban land-use parameters and allows the Noah LSM to
take seasonal roughness-length changes into account.
The 4DWX-DPG has 30-, 10-, 3.3-, and 1.1-km one-way
nested domains centered over DPG (Liu et al. 2008;
Fig. 2). The use of one-way nesting reflects its superiority
over two-way nesting in unpublished test cases. The
vertical spacing of the 36 half-h levels varies from ;30 m
near the surface, with the lowest half-h level at ;15 m
AGL, to ;1250 m in the upper troposphere and lower
stratosphere. The physics packages include the Rapid
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Radiative Transfer Model longwave radiation parameterization (Mlawer et al. 1997), Dudhia shortwave radiation parameterization (Dudhia 1989), Noah LSM
(Chen and Dudhia 2001), Yonsei University planetary
boundary layer parameterization (Hong et al. 2006), Lin
et al. (1983) microphysics, new Kain–Fritsch cumulus
parameterization (Kain 2004), and explicit sixth-order
numerical diffusion (Knievel et al. 2007). The atmospheric data assimilation cycle uses Newtonian nudging
over a 3-h period to assimilate observations from aviation routine weather report (METAR) stations, rawinsondes, profilers, buoys, aircraft, satellites, and other
observing platforms (Liu et al. 2008). 4DWX-DPG is
run every 3 h for eight times per day (0200, 0500, 0800,
1100, 1400, 1700, 2000, and 2300 UTC) and produces
48-h forecasts. Liu et al. (2008) provide additional information on the physic packages and data assimilation
of 4DWX.
Land surface (e.g., albedo, roughness length, and
emissivity) and soil (e.g., porosity, quartz content, and
wilting point) parameters are fixed for each land-use
category and soil-texture class, respectively. These parameters are found in lookup tables, which were compiled from a variety of studies (e.g., Cosby et al. 1984;
Mahfouf et al. 1995; Peters-Lidard et al. 1998). In 2011
4DWX-DPG was initialized with the standard geographic data available with the community version of
the WRF Model, modified to include three additional
land-cover categories of playa, white sand, and lava. In
2012, the land-cover and terrain elevation were updated
on the basis of the newer 33-category National Land
Cover Database dataset (Fry et al. 2011), which increased the area defined as playa. The soil-texture class
is defined by a 16-category U.S. Geological Survey dataset, which is also modified to include playa, white sand,
and lava soil-texture classes. Initial soil-moisture and
soil-temperature fields at 5-, 25-, 70-, and 150-cm depths
are obtained from a relatively coarse 1.08 Global Forecasting System (GFS) analysis because anecdotal evidence suggests that under some circumstances it
outperforms the 12-km North American Model (NAM)
analysis at DPG. These fields are interpolated to
4DWX-DPG using the default WRF preprocessing interpolation schemes of 16-point parabolic interpolation
away from water bodies and four-point or nearestneighbor interpolation near water bodies.

b. Case studies
We examine in detail three 36-h periods with quiescent
large-scale conditions during the pre-MATERHORN
and MATERHORN periods to isolate local land–
atmosphere processes. The first, hereinafter called
2011-DRY (1200 UTC 22 September 2011–0000 UTC
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24 September 2011), and the second, hereinafter
called 2011-WET (1200 UTC 11 October 2011–0000 UTC
13 October 2011), occurred during the pre-MATERHORN
period and offer contrasting soil moistures (0.12 vs
0.19 m3 m23, respectively, at DPG). Skies were clear for
both events, but 19–24 mm of rain fell at DPG 3–7 days
before 2011-WET, moistening the near-surface soil.
The third event is MATERHORN intensive observing
period 5 (MATERHORN-IOP5; 1200 UTC 9 October
2012–0000 UTC 11 October 2012). It also features dry
soils (0.13 m3 m23 at DPG), although high cirrus clouds
were present, reducing the net radiation at the surface.
Surface energy balance and tethersonde observations
collected during MATERHORN-IOP5 enable a more
thorough verification of the model solutions. We simulate these three cases using version 3.4 of the community Advanced Research version of WRF, with the
same physics packages as in the 4DWX-DPG system
but with three larger one-way nested domains (12-, 4-,
and 1.3-km grid spacing) and cold-start initial conditions (Fig. 2). The initial 6 h of each simulation is
excluded from the study to reduce the influence of
model spinup of the atmosphere. The large 1.3-km
domain allows us to cover the entire playa and to use
a broader range of regional surface observations for
model validation.
We generate a nine-member ensemble for each of the
three cases on the basis of three different parameterizations of soil thermal conductivity and three different
top-layer (5 cm) soil-moisture initial analyses in the 1.3-km
domain. The three parameterizations of soil thermal
conductivity are J75, MP81, and a hybrid that uses MP81
over silt loam and sandy loam soils and J75 elsewhere.
The three top-layer soil-moisture analyses are the interpolated 1.08 GFS analysis, an interpolated 12-km
NAM analysis, and a soil-moisture analysis that is created using data from the U.S. Department of Agriculture’s Soil Climate Analysis Network (SCAN; Schaefer
et al. 2007).
The SCAN-based soil-moisture analysis uses data
from five SCAN stations located in the 1.3-km domain.
SCAN stations use Stevens Water Monitoring Systems,
Inc., Hydra Probes to measure soil moisture, and the
probes are calibrated differently for different soiltexture classes (Seyfried et al. 2005). Of the five SCAN
stations in our innermost domain, three are in loam soil
(Morgan, Nephi, and Grantsville), one is in sandy loam
soil (Goshute), and one is in silt loam soil (Dugway; see
Fig. 3 for locations). All five stations measure soil
moisture hourly at depths of 5.1, 10.2, 20.3, 50.8, and
101.6 cm, but the Noah LSM is configured with depths
centered at 5, 25, 70, and 150 cm below the surface,
making only the 5.1-cm SCAN measurement directly
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FIG. 3. Google Earth image of the innermost 1.3 km ARW domain with Mesowest (categorized by soil-texture class), SCAN, and
EFS-sage stations annotated (copyright 2013 Google; imagery
copyright 2013 TerraMetrics).

relevant for initialization and validation without vertical
interpolation. Sensitivity studies suggest, however, that
NST forecasts are relatively insensitive to deep (25 cm
or greater) soil moisture and the vertical gradient in soil
during the study period (not shown).
Our SCAN-based soil-moisture analyses begin with
GFS soil moisture but replace the 5-cm soil moisture
over the areas defined as silt loam with the Dugway
5.1-cm soil moisture, the areas defined as sandy loam
with the Goshute 5.1-cm soil moisture, and the areas
defined as loam with the mean of the Morgan, Nephi,
and Grantsville 5.1-cm soil moistures. SCAN data
are used for validation and initialization in other numerical weather prediction studies (e.g., Case et al.
2011; Li et al. 2012), but point soil-moisture observations are usually spatially and temporally interpolated to produce an observed soil-moisture field
(e.g., Marshall et al. 2003; Robock et al. 2003; Godfrey
and Stensrud 2008). Our approach of delineating soil
moisture by soil-texture class is crude, but observed
and simulated soil moistures depend critically on soiltexture class (Mostovoy and Anantharaj 2008). Figure 4
compares the 5-cm soil moisture from the three analyses. For all three cases, the GFS has the highest mean
5-cm soil moisture, followed by the NAM and then
the SCAN.
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FIG. 4. GFS-, NAM-, and SCAN-derived 5-cm volumetric soil-moisture content for the three case studies. Grids are interpolated during
WRF preprocessing.

c. Validation data and methods
NST (2 m) forecasts, which are diagnosed from the
WRF-Model half-h and skin-level fields using similarity
theory, are validated against 2-m temperature observations obtained from the Mesowest cooperative networks
(Horel et al. 2002). Bias error (BE) values were calculated as follows:
BE 5

1
N

N

å ( fi 2 oi ) ,

i51

where N is the number of forecast/observation pairs in
the sample, fi is the forecast, and oi is the observation.
Positive (negative) NST BE values represent a warm
(cold) bias.

4DWX-DPG NST forecasts are verified using BEs for
seven stations over playa soil (DPG-PLAYA) and 10
stations over silt loam soil (DPG-SL) between 1257 and
1335 m MSL at or near DPG (Fig. 5). One playa and two
silt loam stations were not considered because they sit on
the playa margin and often had relatively erratic and unrepresentative NSTs in comparison with the other stations. Since the 4DWX-DPG 1.1-km domain includes
only two DPG-PLAYA stations, we use forecasts from
the 3.3-km domain for verification over both soil-texture
classes since there is little difference between the NST
forecasts from the 1.1- and 3.3-km domains. For both
DPG-PLAYA and DPG-SL stations, the BEs consider all
eight 4DWX-DPG forecasts initialized 14–34 h before the
forecast hour to avoid contamination from observational
nudging.
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FIG. 5. Google Earth image of DPG and surrounding area with
DPG-PLAYA (blue) and DPG-SL (red) stations used for verification. Open circles represent stations on the playa margin that
were not considered for the validation (copyright 2013 Google;
imagery copyright 2013 TerraMetrics).

For the case studies, BEs are calculated for stations in
each represented soil-texture class to examine model
performance over different soil textures. This includes
approximately 87 loam, 56 sandy loam, 35 silt loam, 15
silty clay, 9 playa, 8 silty clay loam, 4 water, and 2 sand
Mesowest stations below 1750 m MSL in our 1.3-km
domain (Fig. 3). The silty clay loam, water, and sand
stations are not considered in the analysis. Some stations
were not consistently active, and therefore the exact
number of stations used for verification varied among
the three case studies. Most stations are clustered along
the Wasatch Front, and no stations are located over far
northwestern Utah. The vast majority of these stations
are either over shrubland or urban land cover, except for
the nine playa stations, which are all over playa land
cover. Although no formal quality control was performed on any of the observational datasets, missing and
obviously erroneous observations were removed.

d. MATERHORN observations
During MATERHORN, soil and radiation observations were taken from 5 to 26 October 2012 at an
extended flux site located near the DPG-SL stations
(EFS-sage; Fig. 3). Soil temperatures were measured
with thermocouples (Omega Engineering, Inc.) at
depths of 1, 2.5, 5, 7.5, 10, 15, 25, and 70 cm. Thermalproperty sensors (model TP01; Hukseflux Thermal Sensors
B.V.) were installed at depths of 5, 10, and 25 cm and measured soil thermal conductivity [with a mean uncertainty
of 0.01 W m21 K21 within the range of 0.3–4.0 W m21 K21
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(Overduin et al. 2006)], soil thermal diffusivity, and volumetric heat capacity. Two self-calibrating heat flux
plates (Hukseflux HFP-SC) measured the subsurface
heat flux at 5-cm depths at two locations separated by
approximately 1 m. The individual shortwave and longwave components of the surface radiation balance at
EFS-sage were measured with Kipp & Zonen B.V. upand down-facing CMP21 pyranometers and CGR4 pyrgeometers, respectively, mounted 2 m AGL. The surface
ground heat flux at EFS-sage was calculated as the sum of
the average measured ground heat flux at a 5-cm depth
and the heat-storage change in the soil layer between
0 and 5 cm. The heat storage was calculated using the
direct measurements of the thermal heat capacity at 5 cm
below the surface and the soil temperatures at depths
of 1, 2.5, and 5 cm.
A tethered balloon system (Vaisala, Inc., DigiCORA)
was also flown up to 400 m AGL at regular intervals during
MATERHORN near EFS-sage, collecting atmospheric
temperature, humidity and wind profiles. For brevity, we
compare observed and model profiles for a time near the
peak strength of the nocturnal inversion (;1200 UTC).

3. Results
a. Systematic biases in operational NST forecasts
At 1200 UTC (0500 LST), the 4DWX-DPG BE is
3.48C at the DPG-SL stations during the preMATERHORN and MATERHORN periods. At 0000
UTC (1700 LST), the BE at these sites is 21.18C. This
diurnal variation of BE at DPG-SL stations, especially
the 1200 UTC (0500 LST) warm bias, is fairly consistent
throughout the validation period and is most pronounced during quiescent large-scale conditions (Fig. 6).
For example, when 700-hPa (;1000 m AGL) winds
from the Salt Lake City (KSLC) sounding are less than
8 m s21, the 1200 UTC warm bias at DPG-SL stations
increases to 3.98C and sometimes exceeds 68C. Rife et al.
(2002) documented similar nocturnal warm biases at
their nonplaya DPG stations during an event they simulated from July of 1998. Meanwhile, the BEs at the
DPG-PLAYA stations show little diurnal variation and
are 20.78 and 20.68C at 1200 and 0000 UTC, respectively,
suggesting that the largest errors are confined to the DPGSL stations.
The observed DTR1 is substantially larger at DPG-SL
than at DPG-PLAYA stations. As shown by forecasts

1
Calculated by subtracting the maximum daily (0000–0000 UTC)
hourly temperature from the minimum hourly temperature at
each station and then averaging for all DPG-PLAYA and DPGSL stations.
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FIG. 6. 4DWX-DPG NST BEs for DPG-PLAYA (blue) and DPG-SL (red) stations and the observed KSLC 700-hPa
wind speed (black) at (top) 1200 and (bottom) 0000 UTC. The three case studies are highlighted for reference.

initialized at 1100 UTC the day prior, the 4DWX-DPG
DTR is similar for both station types (Fig. 7). At DPGSL stations, the mean observed DTR is 19.28C, with
some days exceeding 258C, but the mean 4DWX-DPG
DTR is only 12.78C. At DPG-PLAYA stations, the
mean observed DTR is 13.88C, and the mean 4DWXDPG DTR is only slightly smaller at 12.58C. Therefore,
the DTR at DPG-SL stations is underpredicted, resembling that at the DPG-PLAYA stations, where it is
relatively well predicted. This result suggests that soil
properties at the DPG-SL stations are inaccurately
represented in 4DWX-DPG.

b. Potential error sources
The analysis above illustrates the existence of a 1200
UTC warm bias and reduced DTR at DPG-SL stations

but not at DPG-PLAYA stations. Rife et al. (2002) state
that the major differences between the sparsely vegetated desert containing the DPG-SL stations and the
playa are associated with the vegetation cover, albedo,
soil thermal conductivity, and near-surface soil moisture. Therefore, the error at the DPG-SL stations is
likely related to the initialization or parameterization of
at least one of these surface properties. The WRF land
cover at the DPG-SL stations is shrubland, which has
a prescribed albedo of 0.25–0.30 that appears reasonable
on the basis of comparisons with the Moderate Resolution Imaging Spectroradiometer (MODIS) white-sky
albedo (known as MOD43B3) 16-day 1-km product (not
shown). Therefore, the likely sources of the NST errors
over DPG-SL are the parameterization and initialization of soil thermal conductivity and soil moisture.
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FIG. 7. Observed (thick lines) and 4DWX-DPG (thin lines) DTRs at DPG-SL and DPG-PLAYA stations. The three
case studies are highlighted for reference.

Soil thermal conductivity affects NSTs through the
ground heat flux G:


›T
,
G5 k
›z z50
where T is the temperature of the soil, z is the soil depth,
and k is the soil thermal conductivity. Flux G is positive,
or upward, at night when the temperatures increase with
depth, and therefore higher soil thermal conductivity
increases the upward heat flux and the nighttime NSTs.
During the day, G is negative, or downward into the soil
since temperatures decrease with depth, and therefore
the higher downward heat flux reduces daytime NSTs.
Because there is a large nighttime warm bias and an
underprediction of the DTR at DPG-SL stations, the
simulated soil thermal conductivity might be too large.
The Noah LSM presently coupled to WRF uses
a slightly modified version of J75 to calculate soil thermal conductivity as a function of the dry thermal conductivity kdry and saturated thermal conductivity ksat,
weighted by a normalized thermal conductivity Ke or
Kersten number:
kJ75 5 Ke (ksat 2 kdry ) 1 kdry ,
where Ke is a function of the degree of saturation and
phase of water, kdry is a function of the porosity of the
soil, and ksat is a function of the porosity, quartz content,

and unfrozen volume fraction (Peters-Lidard et al.
1998).
J75 replaced MP81 in the WRF version of the Noah
LSM in 2001. MP81 fits a logarithmic relationship between the soil thermal conductivity and soil water potential data of Al Nakshabandi and Kohnke (1965, their
Fig. 4). The soil water potential is a measure of how
easily soil water moves within a soil. The relationship is

kMP81 5

420 exp[2(pF 1 2:7)]
0:1744

pF # 5:1
,
pF . 5:1

where pF, the base-10 logarithm of the magnitude of the
soil water potential, is approximated [following Clapp
and Hornberger (1978)] as
pF 5 log10 [cs (us /u)b ],
where cs is the saturated soil potential (suction); us and
u are the porosity and volumetric soil moisture, respectively; and b is the slope of the retention curve on
a logarithmic graph. Chen and Dudhia (2001) limit
kMP81 to 1.9 W m21 K21 since MP81 overestimates kMP81
during wet periods. The Al Nakshabandi and Kohnke
(1965) dataset only compared three soil-texture classes:
clay, fine sand, and silt loam; the latter is the soil texture
at DPG-SL stations.
Figure 8 shows kJ75 and kMP81 as a function of unfrozen
volumetric soil-moisture content for five different
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FIG. 8. Calculated J75 (kJ75; solid lines) and MP81 (kMP81; dashed lines) thermal conductivity
as a function of volumetric soil moisture for silt loam, playa, sandy loam, loam, and silty clay soil
textures.

soil-texture classes. Both methods have increasing
thermal conductivity with increasing soil moisture since
the water has a larger thermal conductivity than the air it
replaces (Cosenza et al. 2003). The kMP81 is more variable among the different soil-texture classes than is kJ75,
and kMP81 is more sensitive to soil moisture over certain
soil-moisture ranges (i.e., 0.15–0.33 m 3 m 23 for silt
loam). The kMP81 and kJ75 are substantially different
over silt loam at low and high soil moistures. For example, when the silt loam soil moisture is relatively
moist at 0.33 m3 m23, kMP81 is 1.9 W m21 K21 but kJ75 is
only 1.14 W m21 K21; when the soil moisture is relatively dry at 0.12 m3 m23, kMP81 is 0.17 W m21 K21 but
kJ75 is 0.64 W m21 K21. The kJ75 and kMP81 are similar
near their intersection point at 0.25 m3 m23. For playa
and silty clay soil textures, kJ75 and kMP81 are even more
dissimilar at low soil moistures than for silt loam, and
they do not intersect until the soils are much more saturated. The kJ75 and kMP81 are also very sensitive to the
WRF-defined soil parameters, such as soil porosity (not
shown), but the representativeness of those parameters
is not examined in this study.
The kJ75 and kMP81 are sensitive to soil moisture, and
there is considerable soil-moisture disagreement among
the GFS and NAM analyses and the Dugway SCAN
soil-moisture observations. For example, at the Dugway
SCAN station during the pre-MATERHORN and
MATERHORN periods, the GFS, NAM, and observed
5-cm soil moistures average 0.22, 0.19, and 0.16 m3 m23,
respectively (Fig. 9).2 All three values are between the

2
The small (;0.01 m3 m23) diurnal cycle in the observed soil
moisture at the Dugway SCAN station may either be an upward
diffusion of soil moisture during the day or instrument error since
the diurnal fluctuations are in phase with the 5.1-cm soil temperatures (not shown).

WRF prescribed vegetation wilting point of 0.084 m3 m23
and porosity of 0.476 m3 m23 assigned to silt loam soil.
The moist bias in the analyzed fields is more pronounced during the pre-MATERHORN period, especially in the GFS, which averages 70% more soil
moisture than is observed at the Dugway SCAN station. The GFS soil moisture is nudged toward a soilmoisture ‘‘climatology’’ that may be too wet over this
area. During MATERHORN, after a significant rain
event on 2 September 2012 there is fair agreement
among all three soil moistures, with the GFS slightly
wetter, until the precipitation event on 12–13 October
2012. The NAM did not respond significantly, the GFS
responded suddenly, and the Dugway SCAN station
responded slowly. In general, the accumulated daily
precipitation at the Dugway SCAN station helps to
explain many of the observed soil-moisture increases
but only partially explains the NAM and GFS soilmoisture increases. The GFS analyzed soil moisture is
a function of its precipitation output, whereas the
NAM analyzed soil moisture is a function of radarderived and gauge-based precipitation. These differing
inputs help to explain why the soil-moisture analyses
react differently after a rain event (Liu et al. 2011).

c. Case studies
Sensitivity to the initialization of soil moisture and the
parameterization of soil thermal conductivity is illustrated through simulations of 2011-DRY, 2011-WET,
and MATERHORN-IOP5. We simulate these events
using a nine-member ensemble with varying 5-cm soilmoisture initialization among the GFS-, NAM-, and
SCAN-derived soil-moisture analyses and varying soil
thermal conductivity parameterizations among J75,
MP81, and a hybrid approach that uses MP81 over silt
loam and sandy loam soil-texture classes and J75 over
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FIG. 9. Time series of 0000 and 1200 UTC 5-cm volumetric soil moisture with accumulated 24-h precipitation
(0000–0000 UTC; bars) at the Dugway SCAN station. The three case studies are highlighted for reference.

the other texture classes. All three cases occurred during
quiescent large-scale conditions, and we only focus on
NST BEs for silt loam, playa, sandy loam, loam, and silty
clay soil-texture stations.

1) 2011-DRY
The 2011-DRY case featured an amplifying upperlevel ridge centered over Utah (not shown). In fact,
the observed 700-hPa winds from the 1200 UTC
22 September KSLC sounding were only 4.6 m s21. Soils
were generally dry in the SCAN network (e.g., 0.12 m3 m23
at the Dugway SCAN station) but relatively moist in
the GFS and NAM analyses (e.g., 0.24 and 0.21 m3 m23,
respectively, over silt loam; Table 1). The quiescent
conditions and dry soils contributed to a difference
of 6.18C between the mean observed temperature at
the DPG-PLAYA and DPG-SL stations at 1200 UTC
23 September and a large mean observed DTR at the
DPG-SL stations of 24.78C (Fig. 10). The control ensemble member (J75-GFS) for this case produces a
1200 UTC warm bias of 6.88C at the DPG-SL stations,
which results in a mean difference of only 0.28C between
the DPG-PLAYA and DPG-SL stations at 1200 UTC
23 September and a mean DTR at the DPG-SL stations
of only 13.08C.
Figures 11a–c show the BEs over the five different soil
textures for the ensemble members that use J75 with
varying soil moisture. In J75-GFS, silt loam, playa,
sandy loam, loam, and silty clay stations have consistent 0000 UTC cool biases of 3.18–3.58C but varying
1200 UTC warm biases of 0.88–4.98C on 23 September
(Fig. 11a). Silt loam stations have the greatest 1200 UTC
warm bias, with a mean late-night (0600–1200 UTC)
warm bias of 4.98C (Fig. 12). Reducing the soil moisture reduces the late-night warm biases modestly. For

example, J75-NAM and J75-SCAN initialize silt loam
soil moisture to 12% and 50% lower than that for J75GFS, respectively, but these changes only reduce the
late-night BEs at silt loam stations by 0.18 and 1.18C,
respectively (Fig. 12).
Figures 11d–f show the BEs for the ensemble members that use MP81 with varying soil moisture. The BEs
for silt loam, sandy loam, and loam stations in MP81GFS (Fig. 11d) are very similar to J75-GFS (Fig. 11a),
but MP81-GFS introduces a large nighttime cool bias at
playa and silty clay stations. Nighttime NST forecasts
from MP81 members are also more sensitive to soil
moisture than the J75 members. For example, mean
late-night BEs at the loam soil stations decrease by 3.18C
between MP81-GFS and MP81-SCAN, respectively,
but they only decrease by 0.88C between J75-GFS and
J75-SCAN (Fig. 12). The greatest mean late-night BE
improvement occurs at silt loam stations where mean
late-night BEs are 4.68C in MP81-GFS but are reduced to
0.38C in MP81-SCAN. MP81 introduces an unfortunate
evening-transition cool bias at 0100 UTC, especially in
MP81-SCAN (Fig. 11f). Figure 13 shows mean observed,
J75-SCAN, and MP81-SCAN NSTs for the DPG-SL
stations and how MP81-SCAN begins to cool rapidly
after 0000 UTC, an hour earlier than observed, which
introduces the 0100 UTC cool bias. Perhaps MP81SCAN predicts the onset of the evening transition too
early. Figure 13 also illustrates how MP81-SCAN slightly
reduces the afternoon cool bias but significantly reduces
the nighttime warm bias in comparison with J75-SCAN.
At night, after the initial rapid cooling after sunset, the
temperature tendency of J75-SCAN and MP81-SCAN is
nearly identical to the observed tendency, suggesting that
k and G have the greatest influence on NST immediately
following sunset.
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TABLE 1. Mean initialized 5-cm volumetric soil moisture (m3 m23).

2011-DRY

2011-WET

MATERHORN-IOP5

GFS
NAM
SCAN
GFS
NAM
SCAN
GFS
NAM
SCAN

Sandy loam

Silt loam

Loam

Silty clay

Playa

0.24
0.17
0.09
0.27
0.22
0.16
0.20
0.14
0.14

0.24
0.21
0.12
0.28
0.24
0.19
0.20
0.15
0.13

0.24
0.19
0.12
0.28
0.23
0.20
0.20
0.14
0.05

0.23
0.20
0.23
0.26
0.26
0.26
0.18
0.17
0.18

0.21
0.19
0.21
0.24
0.25
0.24
0.17
0.19
0.17

Figures 11g–i show the BEs for the hybrid ensemble
members that use kMP81 for silt loam and sandy loam
soils, and kJ75 for all other soil textures. The BEs in
hybrid-GFS (Fig. 11g) and hybrid-NAM (Fig. 11h) are
similar to the BEs in J75-GFS and J75-NAM, respectively, but the large nighttime warm bias at silt loam
stations nearly disappears in hybrid-SCAN (Fig. 11i).
Hybrid-SCAN also has less variance in BEs among the
different soil-texture stations. Of interest is that the
hybrid ensemble members introduce additional errors
over some soil textures that are unrelated to soil moisture and k. For example, MP81-GFS and hybrid-GFS
yield a mean late-night BE of 1.98 and 2.98C, respectively, at sandy loam stations even though sandy loam
uses MP81 for both members (Fig. 12). This may be
related to temperature advection from areas with other
soil textures that have an adjusted k, or a sensitive land–
atmosphere feedback process. Also of interest, the significant NST changes in hybrid-SCAN did not greatly
affect the 10-m winds in 2011-DRY or the other case
studies. For example, silt loam mean late-night wind
speed BEs are 20.4 m s21 in J75-GFS and 20.2 m s21 in
hybrid-SCAN (not shown).

2) 2011-WET
The 2011-WET case occurred during a quiescent
period that followed 19–24 mm of rainfall over DPG
from 4 to 8 October 2011, with a corresponding increase
in area-averaged GFS, NAM, and SCAN 5-cm soil
moisture of 11%, 16%, and 31% relative to 2011-DRY,
respectively (Fig. 4). The increase in soil moisture
likely helped to reduce the difference in mean observed
temperature at the DPG-PLAYA and DPG-SL stations at 1200 UTC to 3.98C, which is 2.28C lower than in
2011-DRY, and to lower the mean observed DTR at
DPG-SL stations to 18.48C, which is 6.38C lower than in
2011-DRY (Fig. 10). Our control J75-GFS forecast
produced a 1200 UTC warm bias of 4.28C at the DPGSL stations as compared with 6.88C in 2011-DRY.
Forecast DTRs are similar between 2011-DRY and
2011-WET, but because the observed DTR is 6.38C
smaller during 2011-WET the DTR underprediction is
also reduced.
Figures 14a–c show the BEs for the J75 members.
Relative to 2011-DRY, J75-GFS has similar 0000 UTC
cool biases of 2.48–3.08C over all soil textures but a

FIG. 10. Mean observed and simulated DTRs for DPG-SL stations, mean observed and
simulated temperature difference between DPG-PLAYA and DPG-SL stations at 1200 UTC,
and the BE at DPG-SL stations at 1200 UTC for each case study.
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FIG. 11. The BE over each soil-texture class during 2011-DRY (1800 UTC 22 Sep–0000 UTC 24 Sep 2011) for (a) J75-GFS, (b) J75NAM, (c) J75-SCAN, (d) MP81-GFS, (e) MP81-NAM, (f) MP81-SCAN, (g) hybrid-GFS, (h) hybrid-NAM, and (i) hybrid-SCAN. Yellow
shading and gray shading represent daylight and nighttime hours, respectively.

smaller range in the 1200 UTC warm biases of 0.58–2.98C
(Fig. 14a). Silt loam stations again have the highest mean
late-night BE of 1.98C (Fig. 12). Silt loam soil moisture
reduces by 0.09 m3 m23 between the GFS and SCAN
analyses from 0.28 m3 m23 to a value of 0.19 m3 m23

(Table 1), but this change only translates to a mean
late-night BE reduction of 0.38C (Fig. 12). For comparison, silt loam soil moisture also reduces by
0.09 m3 m23 in 2011-DRY, but from 0.21 m3 m23 to
a value of 0.12 m3 m23 between the NAM and SCAN
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FIG. 13. Time series of mean observed and simulated NST at
DPG-SL stations from 1800 UTC 22 Sep to 0000 UTC 24 Sep 2011.
Yellow shading and gray shading represent daylight and nighttime
hours, respectively.

3) MATERHORN-IOP5

FIG. 12. 2011-DRY, 2011-WET, and MATERHORN-IOP5
mean 0600–1200 UTC BEs (8C) over each soil type for each ensemble member.

analyses (Table 1), and mean late-night BEs reduce by
1.08C under this drier regime. Therefore, NSTs at silt
loam stations are less sensitive to the higher soil moisture in 2011-WET than in 2011-DRY, which is to be
expected from Fig. 8.
Figures 14d–f and 14g–i show the BEs for the MP81
and hybrid members, respectively, during 2011-WET.
Similar to 2011-DRY, MP81 members introduce a significant cool bias at silty clay and playa stations and also
make nighttime BEs more sensitive to soil moisture than
do J75 members. The 0100 UTC cool bias in the MP81
members of the 2011-DRY case is no longer apparent,
however. The hybrid-SCAN member has improved latenight BEs over all soil textures relative to those in J75GFS, and the BE at silt loam stations is reduced to 1.08C
(Fig. 12).

MATERHORN-IOP5 was also characterized by
quiescent large-scale conditions, with 700-hPa winds
of only 5.2 m s 21 in the 0000 UTC 10 October KSLC
sounding. An upper-level cutoff low off the Californian coast drove high cirrus clouds over the region
throughout the period, but precipitation was not observed (not shown). In fact, only 1–7 mm of rain was
observed at DPG-SL stations since 2 September
2012. As a result, MATERHORN-IOP5 had the lowest 5-cm soil moisture of the three cases (Fig. 4). The
SCAN soil moisture over loam soil was especially low
at 0.05 m3 m23 (Table 1), which is the mean of 0.12 m3 m23
at Nephi, 0.03 m3 m23 at Morgan, and 0.01 m3 m23 at
Grantsville. Cloud cover was likely responsible for
a reduced 1200 UTC temperature difference of 4.28C
between DPG-PLAYA and DPG-SL stations and for
a DTR of 22.78C at DPG-SL stations on 10 October
2012, which is 28C lower than in 2011-DRY and 4.38C
lower than 2 days prior on 8 October 2012 (i.e., Fig. 7).
J75-GFS forecast a 1200 UTC BE of 6.08C at DPG-SL
stations and underpredicted the mean DTR at these
stations by 98C (Fig. 10).
Figure 15 shows a very similar BE pattern in comparison with 2011-DRY except that the daytime cool
bias is not as large and the mean nighttime warm bias at
silt loam stations is not as pronounced. The mean latenight warm bias at silt loam stations decreases from
4.38C in J75-GFS to 1.68C in hybrid-SCAN (Fig. 12). The
mean late-night BEs for the rest of the soil textures,
except for loam, are very similar ($1.38C) in hybrid-SCAN.
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FIG. 14. As in Fig. 11, but for 2011-WET (1800 UTC 11 Oct–0000 UTC 13 Oct 2011).

This suggests the presence of a nighttime warm bias
unrelated to the LSM. The BEs at loam stations in
J75-SCAN, MP81-SCAN, and hybrid-SCAN are relatively lower than at the other stations because the
SCAN soil moisture for loam is very low and may not
be representative.

MATERHORN observations taken at EFS-sage
during MATERHORN-IOP5 indicate that hybridSCAN also improves forecasts of other near-surface
variables. A comparison of the potential temperature
profile of a tethersonde ascending between 1201 and
1221 UTC 10 October with the 1200 UTC Hybrid-SCAN
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FIG. 15. As in Fig. 11, but for MATERHORN-IOP5 (1800 UTC 9 Oct–0000 UTC 11 Oct 2012).

and J75-GFS profiles at EFS-sage illustrates how
Hybrid-SCAN is colder than J75-GFS and closer to the
observations below ;150 m AGL (Fig. 16). Figure 17
illustrates how hybrid-SCAN better predicts G at EFSsage than does J75-GFS. J75-GFS overpredicts the diurnal amplitude of G, leading to more subsurface heat

storage during the day and thus warmer surface temperatures and larger longwave radiation emission at night.
For example, J75-GFS predicts a G of 2167 W m22 at
1800 UTC 10 October, which is 50 W m22 lower than
observed, and 93 W m22 at 0100 UTC, which is 42 W m22
higher than observed. Hybrid-SCAN slightly underpredicts
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FIG. 16. Simulated 1200 UTC 10 Oct 2012 potential temperature
(K) profiles at EFS-sage and an observed potential temperature
profile taken between 1201 and 1221 UTC 10 Oct 2012 from an
ascending tethersonde.

the magnitude of G during the day but nearly matches
the nighttime observations. Hybrid-SCAN also forecasts upwelling longwave radiation better than J75GFS does, especially at night (Fig. 18a). There are only
minor differences between the hybrid-SCAN and J75GFS downwelling longwave radiation (Fig. 18b), and
there are no discernable upwelling and downwelling
shortwave radiation differences (Figs. 18c,d). Latent
and sensible heat flux data were not available during
this IOP and could not be verified.

d. Observed soil thermal conductivity
Figure 19 shows 3 weeks of observed TP01 k in comparison with kJ75 and kMP81 calculated using interpolated GFS, NAM, and SCAN 5-cm soil moisture at
EFS-sage. Before the rain event on 12–13 October 2012,
kJ75 is nearly double the observed TP01 k, but kMP81
produces soil thermal conductivities that are within
0.21 W m21 K21 of the observed TP01 k. After the rain
event, there is considerable variability among the soilmoisture analyses (e.g., Fig. 9), and this variability is also
evident in kMP81, but little variability is seen in kJ75. The
soil-moisture sensor at EFS-sage was not working
properly during MATERHORN, and therefore the soil
moisture at this site is unknown.

4. Conclusions
Four months of operational WRF near-surface temperature forecasts in September and October of 2011
and 2012 show a pronounced warm bias of 3.48C at

1991

FIG. 17. Observed and simulated ground heat flux at EFSsage from 1800 UTC 9 Oct to 0000 UTC 11 Oct 2012. Yellow
shading and gray shading represent daylight and nighttime hours,
respectively.

1200 UTC over the sparsely vegetated silt loam soil area
of Dugway Proving Ground. The WRF forecasts also
underpredict the magnitude of the diurnal temperature
range at DPG-SL stations, producing a DTR similar to
that over the adjacent playa region. Because NST forecasts over DPG-PLAYA are relatively accurate, the
DPG-SL errors are likely related to the specification or
parameterization of soil characteristics and properties in
the Noah LSM.
Case studies reveal that BEs at DPG-SL stations, as
well as at other stations in the surrounding region with
silt or sandy loam soils, are highly sensitive to the soil
thermal conductivity k, which controls the ground heat
flux G in the Noah LSM. The methods introduced by
Johansen (1975) and by McCumber and Pielke (1981)
have become the two most widely used k parameterizations in LSMs, and both depend on soil moisture. We
mitigate the nighttime warm bias in silt loam and sandy
loam soil regions by switching from J75 to MP81 for
these soils only and by using a soil-texture-classdependent soil-moisture analysis created from SCAN
observations at 5 cm. The kMP81 is more sensitive to
soil moisture than kJ75, and, since SCAN observations
are mostly drier than the analyzed soil-moisture fields
of the NAM and GFS, the reduced soil moisture
combined with MP81 greatly reduces k and the
nighttime NST warm bias. The greatest NST improvements occurred over areas with silt loam soil
textures, like the area near the DPG-SL stations,
which relies on accurate near-surface forecasts for
military operations. Mean late-night BEs decreased by
more than 48C during 2011-DRY at all silt loam stations
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FIG. 18. As in Fig. 17, but for the longwave and shortwave components of the surface energy balance.

and decreased from 2.18C to a value of 20.48C at sandy
loam stations. The variance in bias error among
the different soil textures also reduces when these
changes are incorporated. The BE improvement was
substantially less during 2011-WET, which had higher
soil moistures. The soil moistures in 2011-WET were

still considerably below saturation, preventing us
from validating MP81 over silt loam and sandy loam
during very wet conditions. A daytime cool bias was
evident in each case study before and after the
changes were made to soil moisture and k, suggesting
that the cool bias depends on more than just the Noah

FIG. 19. Time series of 0000 and 1200 UTC observed 5-cm soil thermal conductivity at EFSsage (solid black line) and calculated kJ75 (solid lines as in color key) and kMP81 (dashed lines as
in color key) using interpolated or SCAN observed 5-cm soil moisture. Accumulated 24-h
precipitation at the Dugway SCAN station is also shown (green bars).
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LSM and may be related to errors in the surface-layer
parameterization.
MP81 used in conjunction with 5-cm SCAN soil
moisture over silt loam and sandy loam soils not only
improved NST forecasts but also improved the predicted k, G, longwave and shortwave radiation, and lowlevel thermal profile. The kMP81 more closely matched
observations of k taken from a TP01 sensor at EFS-sage
during dry periods than did kJ75. The kMP81 variability
also more closely matched the observed TP01 k variability after a rain event than did the kJ75 variability. The
G was observed during MATERHORN-IOP5 at EFSsage, and the run that used MP81 and SCAN soil
moisture more closely matched observed G than did the
run that used J75 and GFS soil moisture. Upwelling
longwave emission also improved at night, with no detrimental effects to the other surface energy balance
components, and the low-level 1200 UTC potential
temperature profile improved in the lowest 150-m AGL.
Peters-Lidard et al. (1998) provided the rationale for
replacing MP81 with J75 in the Noah LSM on the basis
of a comparison with data collected in Kansas during the
first International Satellite Land Surface Climatology
Project. They verified kMP81 and kJ75 against observed k
from sand, clay, and peat soil textures and found that
kJ75 better predicted the k values and associated surface
fluxes. In their study, MP81 underestimated k at low soil
moisture and overestimated it at high soil moisture. The
change to J75 in the WRF version of the Noah LSM
occurred in 2001, which may explain why Rife et al.
(2002) and Davis et al. (1999) noted a pronounced cold
bias over the playa but Reeves et al. (2011) discovered
only a slight morning warm bias. Peters-Lidard et al.
(1998) never mentioned any simulations involving silt
loam and sandy loam soils textures, which we have
shown to perform better using MP81.
We expect other dryland regions with silt loam and
sandy loam soil textures to have improved NST forecasts
when MP81 is used in conjunction with improved soilmoisture initialization. Therefore, we recommend that
the Noah LSM incorporate an optional MP81 soil thermal conductivity parameterization for use over dryland
regions with silt loam and sandy loam soils.
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