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ABSTRACT
The use of dense pressure observations is investigated for creating mesoscale ensemble analyses and improving short-term mesoscale forecasts. By exploiting additional observation platforms, the number of
pressure observations over the Pacific Northwest region is increased by an order of magnitude over standard
airport observations. Quality control and bias correction methods for these observations are discussed, including the use of pressure tendency as an alternative observation type with fewer bias concerns. The enhanced station density provided by these observations contributes to localized adjustments for a variety of
mesoscale phenomena. These adjusted analyses yield improved forecasts, including more accurate forecasts
of frontal passages and convective bands. Assimilating dense 3-h pressure tendency observations also reduces
the error in some forecast surface fields similarly to raw pressure observations, suggesting further investigation into pressure tendency as a mesoscale observation type.

1. Introduction
Short-term numerical weather forecasts continue to
suffer from poor definition and prediction of mesoscale
weather features (e.g., Roebber et al. 2004). This is particularly true for small-scale, but potentially high-impact
features such as the timing and structure of frontal passages (Colle et al. 2001) or convective development and
evolution (Melhauser and Zhang 2012; Hanley et al. 2013).
Not only can these features present significant hazards to
public safety, but numerous industries, from aircraft operations to wind energy, could benefit from more accurate
prediction of mesoscale phenomena. As noted by Eckel
and Mass (2005), the ability to forecast small-scale variability is highly dependent on both model resolution and
the scales of variability with which the model is initialized.
This paper investigates the utility of dense surface pressure
observations for initializing a high-resolution model with
the scales of variability necessary to forecast mesoscale,
short-term, high-impact weather events more accurately.
Surface pressure observations are chosen because
they exhibit desirable properties for data assimilation
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and model initialization. Representativeness error can
be significant for temperature and wind observations
(e.g., Benjamin et al. 1999; Janjic and Cohn 2006; Ancell
et al. 2011) due to their high sensitivity to the immediate
surroundings. Pressure observations should not suffer as
significantly from representativeness error since pressure tends be more spatially homogeneous and pressure
measurement is not as dependent upon instrument exposure. The potential for a systematic bias does exist with
pressure observations, but this issue may be addressed
effectively in a variety of ways as will be discussed in this
paper.
Pressure observations can also provide information
about the three-dimensional structure of the atmosphere
through, for example, the covariance between surface
pressure and geopotential height (through hydrostatic
balance), which extends the influence of surface pressure
observations beyond the boundary layer. These properties formed the basis for the twentieth-century reanalysis
project (Whitaker et al. 2004; Compo et al. 2011), which
uses primarily surface pressure observations. In idealized
perfect-model experiments, Anderson et al. (2005) show
that errors in the tropospheric mass field of a general
circulation model are reduced by increasing the density
and frequency of assimilated surface pressure observations. Similarly, Dirren et al. (2007) show that regional
assimilation of pressure observations from the automated
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surface observing system (ASOS) network is able to
capture the synoptic-scale upper-air pattern over western
North America and the eastern Pacific Ocean.
While these studies have shown the ability of surface
pressure observations to constrain synoptic-scale patterns due to the long covariance length scales of surface
pressure, less attention has been paid to the role of
pressure observations in constraining mesoscale phenomena. Many mesoscale weather features are known
to exhibit distinct pressure signatures. For example,
Mass and Ferber (1990) find pressure perturbations of
up to 10 hPa in association with flow around an isolated
topographical barrier. Localized pressure perturbations
on the order of 2–5 hPa have been reported in association with strong frontal passages and in convective cold
pools (Goff 1976; Engerer et al. 2008). Wheatley and
Stensrud (2010) show that assimilating surface pressure
observations and, to some extent, 1-h surface pressure
tendency observations, increases the accuracy of modeled convective cold pools.
Adequately resolving pressure signals associated with
localized mesoscale weather phenomena requires a
suitably dense network of observations. Fortunately,
surface pressure or altimeter setting observations are
reported from most weather observing platforms. Many
regional-scale operational data assimilation systems
regularly assimilate pressure observations from ASOS
and automated weather observing system (AWOS)
stations, collectively referred to here as aviation routine
weather reports (METARs). However, these networks
have observations at an average spatial separation of
around 100 km (Wheatley and Stensrud 2010), which
may be insufficient to capture small mesoscale features.
To further increase the observation density, this research explores observations from other readily available, but underutilized sources, particularly from
privately owned weather stations in networks such as the
Citizen Weather Observer Program (CWOP; http://
www.wxqa.com) and the Weather Underground (http://
www.wunderground.com). The addition of these observation networks greatly enhances the density of
available observations to a level where it is possible to
resolve the pressure signal of many localized phenomena. This study builds on the results of Wheatley and
Stensrud (2010) and Dirren et al. (2007) in examining
the ability of pressure observations to describe mesoscale features (with scales of 20–200 km) by introducing
high-density pressure observations to the assimilation
process.
The impact of assimilating high-density altimeter
observations is examined by focusing on the Pacific
Northwest region of the United States. The mesoscale
weather phenomena and complex geography of this

region provide unique forecasting challenges and a rich
suite of phenomena for evaluating a regional mesoscale
prediction system (Ancell et al. 2011). Furthermore,
regional ensemble prediction and data assimilation over
this region is currently being performed through the
University of Washington real-time ensemble Kalman
filter system (UW-rtEnKF; Torn and Hakim 2008),
which provides a preexisting ensemble framework that
is used throughout this study.
Ensemble Kalman filter data assimilation is the chosen method to combine observations with ensemble
estimates of the atmospheric state. This data assimilation technique has been widely used for operational and
research weather data assimilation across all scales,
including regional and mesoscale applications (e.g.,
Anderson et al. 2005; Dirren et al. 2007; Ancell et al.
2011). In particular, the flow-dependent covariances from
ensemble estimates can increase the utility of pressure
observations over using a fixed covariance. This method
allows rigorous testing of the hypothesis that ensemblebased data assimilation with a dense network of surface
pressure observations, coupled with innovative observation quality control and bias removal techniques, has the
potential to yield substantially improved mesoscale
analyses and forecasts.

2. Methods
a. Pressure observation sources
Most regional data assimilation systems limit surface
observations to METAR observations, which include
only data from the ASOS and AWOS networks (e.g.,
Dirren et al. 2007; Wheatley and Stensrud 2010). However, these networks may not have sufficient spatial
density to adequately resolve smaller mesoscale phenomena. To increase the number of observations, several
additional observation sources are sought. Observations
from publicly available networks within the Pacific
Northwest region (Fig. 1) yield an additional 1300–1700
hourly pressure observations beyond the METAR observations. The sources of these observations are summarized in Table 1. Figure 1 shows the spatial density of
these additional observations as compared with the
METAR observations. The most dramatic increases in
density are apparent in urban areas, but there is noticeable improvement in spatial density throughout much of
the region.
Table 1 shows that over three-quarters of the available pressure observations come from loosely regulated networks (e.g., Weather Underground, Citizen
Weather Observer Program) and as such there is little
guarantee of observation quality. Before using these
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TABLE 1. Sources of observations used.

Observation source
ASOS network
Buoy and synop observations
Weather Underground
Automated weather source
(AWS) Schoolnet
CWOP
Other

No. of
observations in
study domain

Percentage
of available
observations

110
30
800–1100
80–100

8%
2%
56%
6%

300–370
80–90

22%
6%

observations for data assimilation, observation preprocessing measures, including quality control and bias
correction, were developed to reduce the impact of
erroneous or poorly represented observations in the
assimilation process.
The vast majority of pressure observations report
altimeter setting, which is the station pressure adjusted
for the elevation of the station above sea level using the
U.S. Standard Atmosphere, 1976 (COESA 1976) sea
level temperature and lapse rate. For the purposes of this
research, the terms ‘‘pressure observation’’ and ‘‘altimeter
observation’’ are used interchangeably; however, the actual quantity used for data assimilation is the altimeter
setting. All observations reporting station pressure but not
altimeter setting are converted to altimeter setting using
the reported observation elevation.
Observations beyond a range of acceptable altimeter
values (800–1100 hPa) are discarded. As noted in Torn
and Hakim (2008), model terrain fields may not resolve
the localized orographic features that can surround and
influence an observation. An elevation comparison check
between the reported observation elevation and the
model-derived terrain elevation at that location and
surrounding grid points is performed (Torn and Hakim
2008; Ancell et al. 2011). Observations where any of the
model terrain elevation values within a 3 3 3 gridpoint
box surrounding the observation location differed by
more than 200 m from the reported observation elevation
are discarded. Out of all potential observations locations,
260 (approximately 15%) are rejected because of this
constraint.
To estimate the time-invarying bias in these observations, a high-resolution analysis of the surface pressure
field is used for verification. The Rapid Update Cycle
(RUC) Surface Assimilation System (RSAS; Miller et al.
2002) yields hourly, 15-km resolution analyses of surface
variables. Hourly RSAS analyses of altimeter setting
were interpolated to observation locations and the differences between the observation value and the analyses
were computed during May–July 2011. This time period
in the Pacific Northwest featured relatively tranquil

FIG. 1. Locations of ASOS/METAR, buoy, and ship altimeter
observations (red) and all other altimeter locations for the period
of study (blue).

weather conditions with few strong pressure gradients,
allowing the RSAS analysis to be used to accurately estimate bias.
Differences between observations and RSAS analyses
are evaluated for statistical significance. Where the
mean difference is statistically nonzero with 95% confidence, it is treated as a bias and subtracted from future
observation values. In total, 28% of the observations are
found to have statistically significant differences from
the RSAS analyzed values and are subject to bias correction. Furthermore, observations with a mean difference greater than 5 hPa or a standard deviation in the
difference field of greater than 2 hPa are discarded as
unrepresentative outliers. Out of all observation locations
available for this study, 127 locations (approximately 7%)
are rejected as outliers. The effect of this bias correction is
examined later in this study.

b. Pressure tendency
The bias correction method described above relies on
the RSAS analysis as ‘‘truth’’ for estimating observation
bias and as such it is vulnerable to any deficiencies in that
analysis. This potential source of error would be present
regardless of whatever model-based analysis is chosen to
represent truth. Furthermore, a long period of observations and analyses for a variety of weather scenarios is
required to adequately sample the bias. Therefore, we
consider using altimeter tendency as an alternative
method of bias remediation. In the presence of a timeinvarying or slowly changing bias, altimeter tendency,
calculated as the difference between two subsequent
altimeter setting observations, should not have a bias.
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Little consideration of the potential of pressure or
altimeter tendency for data assimilation has been given
in the literature. Wheatley and Stensrud (2010) assimilate observed, 1-h pressure tendency for mesoscale
convective systems and find that these observations offer some improvement to forecast convective cold pool
strength and location, but not as much improvement as
assimilating raw altimeter setting; the potential impact
of altimeter tendencies of different lengths or in scenarios other than convective cold pools has yet to be
evaluated. In preliminary tests using the UW-rtEnKF
system (Torn and Hakim 2008), we find relatively high
correlations between 3-h altimeter tendency observations and temperature, wind, and geopotential height
below 500 hPa (not shown), suggesting that altimeter
tendency observations could offer significant contributions to lower-tropospheric structure. To examine their
role in mesoscale forecast scenarios, 3-h altimeter
tendency is computed for all available altimeter observations and used in specific experiments described
below.

c. Ensemble system
The ensemble design is based on the pseudooperational UW-rtEnKF system (Torn and Hakim 2008;
Ancell et al. 2011; Ancell 2012). This system features 64
ensemble members with a 4-km inner nested domain
centered over the Pacific Northwest (Fig. 2) and assimilates observations every 3 h. In the UW-rtEnKF system,
the 4-km nest is within a 36-km horizontal resolution
domain covering much of the northeastern Pacific and
western North America. However, for ensemble cycling
experiments in this research, the outer domain resolution
is increased to 12-km for smoother boundary condition
transitions and only covers a limited area of western
North America and the eastern Pacific Ocean (Fig. 2).
For experiments where the ensemble is cycled, the
model state is integrated using version 3.4.1 of the Advanced Research core of the Weather Research and
Forecasting Model (WRF-ARW; Skamarock et al. 2008).
One-way nesting is used to transfer boundary conditions
from the outer, 12-km resolution domain to the inner,
4-km nested domain. Lateral boundary conditions for
the outer domain are provided by the National Oceanic
and Atmospheric Administration (NOAA) Global Forecast System (GFS) forecasts from the most recently
available GFS model run at the start of each cycle, simulating an operational environment. To maintain ensemble
variance, the lateral boundary conditions are perturbed for
each ensemble member using the fixed-covariance perturbation method described in Torn et al. (2006) with
perturbations scaled using climatologically derived 6-h
GFS forecast errors. Model parameterizations include

FIG. 2. The 12-km domain used for the cycling experiments and the
inner 4-km nest used for cycling and no-cycling experiments.

the Kain–Fritsch convective scheme, WRF single-moment
3-class microphysics scheme (WSM3), Rapid Radiative
Transfer Model (RRTM) longwave and shortwave radiation schemes, and Yonsei University (YSU) PBL physics.
All ensemble members have identical parameterizations
and model formulations, with a Rayleigh damping layer in
the upper 7 km of the domain and a damping coefficient of
0.2. The 4-km domain time step is 24 s.

d. Data assimilation system
We use the Data Assimilation Research Testbed
(DART) implementation of the ensemble square root
adjustment filter, along with attendant utility programs
from DART to analyze and process observations and
ensemble output (Anderson et al. 2009). Observation
error variances for all observation types are derived
from a 2005 version of the GFS observation error tables
included in the DART system. This includes a 1-hPa2
error variance assigned to all altimeter observations,
regardless of their source. Altimeter tendency observations are assigned error variances of 1 hPa2 (3 h)22.
Horizontal and vertical localization filters are applied
to avoid long-range, spurious covariances that are not
physically realistic (Anderson 2007a). The localization
function used here follows Gaspari and Cohn (1999)
with a horizontal localization radius of 800 km and a
vertical localization radius of 14 km. To reduce the potential for filter divergence given the limited ensemble
size (64 members) and the density and frequency of
observations assimilated (3-h cycling), spatially varying
and time-evolving inflation is applied during ensemble
cycling (following Anderson 2007b).
In addition to altimeter and altimeter tendency observations, a set of standard observations are assimilated

Unauthenticated | Downloaded 01/08/23 11:19 PM UTC

2402

MONTHLY WEATHER REVIEW

in some experiments to examine the additional contribution of pressure observations. These standard observations include METAR, ship, and buoy observations of
2-m temperature and 10-m winds, Aircraft Communications Addressing and Reporting System (ACARS)
wind and temperature observations aloft, twice-daily
radiosonde observations, and satellite-derived cloudtop wind observations. This observation set reflects the
observations used by the UW-rtEnKF system.

e. No-cycling and cycling methods
There is a significant computational expense to cycling this data assimilation system through sufficient
forecast cycles to examine the system’s effectiveness
with statistical rigor. For some experiments we employ
a cost-effective alternative ‘‘no cycling’’ method that
uses the archived, 4-km resolution, 3-h forecasts from
the UW-rtEnKF system valid at the desired analysis
time to populate an ensemble. Data assimilation is
performed on this ensemble forecast to produce a new
analysis, and the process is repeated at each forecast
time. The effect of assimilating particular observation
sets can be rapidly evaluated and, since the prior ensemble states for all experiments are identical, the differences in the resulting analyses are exclusively the
effect of any differences in observations assimilated or
parameters changed. Because the forecast model is not
run between different analysis times, there is no cumulative effect of repeated assimilations, and inflation cannot evolve between assimilation times. Both the analyses
and forecasts for this method are sensitive to the source of
these forecasts (here, the UW-rtEnKF system), and using
different ensemble priors may yield different results.

f. Experiments
The time period for the study runs from 0000 UTC 10
November 2012 to 2100 UTC 10 December 2012. This
period was marked by a particularly active weather
pattern over the Pacific Northwest, including multiple
strong frontal passages, shallow convective events over
the Columbia Plateau, localized convective banding,
and mountain wave activity (not shown).
To compare the impacts of different sets of observations, the available observations are broken into a series
of subsets, summarized in Table 2. For verification
purposes, 100 surface altimeter, 2-m temperature, and
10-m u- and y-wind observations are withheld from assimilation at all times. These observations are randomly
selected from all available observation sources (including
both METAR and additional dense observations), but
a spatial filter that limits verification observations to be
no closer than 30 km apart is applied to ensure that these
observations are well distributed throughout the domain.

VOLUME 142

TABLE 2. Observation types assimilated in each assimilation
experiment. The collection of nonpressure-based observations
used in the UW-rtEnKF system is abbreviated as ‘‘RT obs’’ in the
table.

Case name
Control
METAR_only
all_alts_only
alt_tend_only
rtenkf
all_obs
rtenkf 1 tend

RTobs

METAR
altimeters

Additional
altimeters

3
3

3

3
3
3

3
3
3

3

3-h
altimeter
tendencies

3
3

The altimeter observations used for verification are subjected to the bias correction method described above.
The no-cycling procedure is used to directly compare
the differences in analyses resulting from the assimilation of various densities of altimeter observations and
combinations of altimeter observations with other observations. Each 3-h ensemble forecast from the UWrtEnKF during the month-long period of study serves as
the prior state for no-cycle data assimilation with different observation sets. Tests are also performed to examine the performance of the altimeter bias correction
procedure to improve the subsequent analyses. Evaluation of analysis errors is computed by taking domainaveraged root-mean-squared errors with respect to the
withheld verification observations.
Experiments where the full ensemble was cycled every 3 hours using different observation sets are also
conducted for the entire month-long period. This allows
for rigorous evaluation of 3-h forecast errors, using not
only the withheld verification observations but also any
observations about to be assimilated at each assimilation
step. Finally, an additional cycling study of a convergence zone event on 24 October 2011 is presented to
highlight the effect of pressure assimilation on a mesoscale precipitation event.

3. No-cycling experiment
a. No-cycling analyses
Figure 3 shows the month-long 4-km domain-averaged
root-mean-square error (RMSE) in the analysis altimeter
field after assimilating different densities of altimeter
observations. These altimeter observation sets were
randomly selected from all available pressure observations in the same manner as the verification observations,
with the spatial filter removed beyond 250 observations
to allow greater station density. Results show, on average,
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FIG. 3. Domain-averaged analysis RMSE at 100 unassimilated,
bias-corrected, altimeter observation locations with varying numbers of altimeter observations assimilated throughout the domain
in a no-cycling experiment. The standard deviations of the errors
throughout the month-long period are shown by error bars.

an 18% reduction in the altimeter error from assimilating
one altimeter observation and a 40% reduction for assimilating 100 observations. Error reduction decreases
with increasing number of observations beyond 100–150
observations. We note that because these no-cycling experiments use prior ensemble states derived from the UWrtEnKF cycling assimilation system, the error statistics
would be different if another set of prior states were used.
Previous studies (Anderson et al. 2005; Dirren et al.
2007) have shown that given the large correlation length
scale inherent in the pressure field, observation densities
similar to the METAR network (in this study, 110 welldistributed observations) are sufficient to constrain the
synoptic-scale pattern. As such, we hypothesize that the
domain-averaged RMSE is more sensitive to synopticscale adjustments and less sensitive to the mesoscale
adjustments from the additional pressure observations.
Furthermore, because adjustments associated with mesoscale phenomena are highly localized, they may not be
sampled by the verification network and their signal is

easily lost by domain averaging. However, this monthlong study provides a large sample to evaluate the
domain-averaged RMSE for various fields and to compare between experiments with statistical rigor.
Table 3 summarizes the domain-averaged analysis
RMSE over the entire month-long period for the experiments summarized in Table 2. The METAR_only
and all_alts_only experiments are performed both with
and without (‘‘no_bc’’) the altimeter bias correction
procedure. There are statistically significant (at the 99%
level) reductions in the analysis error when the bias
correction is applied. Again, note that the verification
pressure observations have been subject to the same bias
correction procedure. Later results will show that this
improvement persists through the 3-h forecasts, affirming the effectiveness of the bias correction method.
Compared to errors in the control experiment with no
observations assimilated, assimilating just the biascorrected METAR altimeter observations reduces errors in the altimeter field by 44%, while adding the dense
altimeter observations further reduces the error by another 5%, consistent with Fig. 3; the additional reduction is statistically significant at the 99% confidence
level. In contrast, pressure assimilation alone at either
density (the METAR_only and all_alts_only experiments) offers no significant reduction to the domainaveraged analysis errors for the surface temperature and
wind fields. Experiments that assimilate surface temperature and wind observations (the rtenkf and all_obs
experiments) show a reduction in analysis error over the
control experiment, but the different densities of pressure observations do not have any statistically significant
impact on the errors. This result is consistent with the
findings of Wheatley and Stensrud (2010), who also note
that assimilating METAR pressure observations seems
to have little to no effect on the domain-averaged
analysis error of surface temperature and wind.
Although domain-averaged surface temperature and
wind analysis errors are unchanged after assimilating
dense pressure observations, this does not mean that no
adjustments were made to those fields. To compare the
effect of assimilating different densities of altimeter
observations on the temperature and wind analyses, at

TABLE 3. No-cycling domain-averaged analysis RMSE at verification observation sites.
Case name

Altimeter (hPa)

2-m temperature (K)

10-m u wind (m s21)

10-m y wind (m s21)

Control
METAR_only
METAR_only_nobc
all_alts_only
all_alts_only_nobc
rtenkf
all_obs

1.765
0.994
1.068
0.904
0.960
1.010
0.909

1.846
1.878
—
1.884
—
1.779
1.787

2.936
2.997
—
2.958
—
2.898
2.861

3.312
3.320
—
3.303
—
3.105
3.085
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FIG. 4. Analysis differences between the all_alts_only and METAR_only experiments for three frontal events. Differences in (top)
pressure, (middle) 2-m temperature, and (bottom) 10-m wind speed.

each assimilation step the analysis ensemble mean from
the METAR_only experiment is subtracted from the
analysis ensemble mean of the all_alts_only experiment.
Since the prior ensemble states are identical at each
assimilation step, any difference in the analysis is solely
the result of assimilating different observation densities.
Counts of the number of grid points at each assimilation
time where the difference in the two temperature analyses exceed 1 K or the difference in the 10-m wind speed
is greater than 2 m s21 show significant differences between the two analyses, but also that these differences
occur over, at most, 3%–5% of the domain. This result is
consistent with mesoscale adjustments scattered about
the domain.
Spatial maps of these differences reveal several interesting patterns surrounding mesoscale features. Figure 4
shows maps of differences in the analysis altimeter, 2-m
temperature, and 10-m wind speed fields between the

all_alts_only and METAR_only experiments for three
times when a cold front is moving through the domain.
In all cases, couplets are present in the difference plots in
the vicinity of the front, indicating that the additional
pressure observations make coherent adjustments to the
position of the front. Furthermore, away from the front
the differences in the temperature and wind speed fields
are virtually zero, which reinforces the interpretation
that these adjustments are highly localized. Difference
plots at other times show similar localization of the adjustments surrounding convective bands and terrainrelated features (not shown).

b. 12-h deterministic forecasts
While additional altimeter observations appear to
make localized adjustments surrounding mesoscale
phenomena, it is unclear whether these adjustments
persist for a significant period beyond the initialization
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time or whether these adjustments lead to improved
forecasts. We investigate this issue for the METAR_only
and all_alts_only experiments. At each no-cycling update
time in these experiments, the ensemble member closest
to the ensemble mean is defined by the following metric.
A root-mean-square difference between each ensemble
member’s state and the ensemble mean is computed,
normalized by the variance of each state variable. The
ensemble member with the lowest root-mean-square
difference is chosen as the member closest to the ensemble mean. This ensemble member is then used to
initialize a 12-h forecast using WRF with boundary
conditions provided by the most recently available
GFS forecast. The boundary conditions at the beginning of the model integration are adjusted to match
each analysis, and the boundary time tendencies for the
first 3 hours are recomputed to approach the GFS
boundary conditions three hours into the forecast.
After 3 hours, the boundary conditions in both experiments are identical.
The difference in RMSE between the deterministic
forecasts from the all_alts_only and METAR_only experiments is computed from the verification observations. The domain-averaged RMSE for all surface fields
in the all_alts_only experiment at 3 hours into the
forecast is lower than in the METAR_only experiment
for all surface fields, but this reduction is not statistically
significant (not shown). Differences in RMSE at longer
forecast lead times are smaller and likewise statistically
insignificant. A more rigorous examination of the RMSE
differences for experiments assimilating both altimeter
observation densities is conducted in the fully cycling
experiments below.
With such small differences in the forecast RMSE
between these two deterministic forecast experiments,
the spatial extent and evolution of the differences in
these forecasts is examined to determine if the adjustments made during the assimilation step lead to diverging
forecasts. Figure 5 illustrates the domain-averaged RMS
difference in the surface pressure, 2-m temperature, and
10-m u-wind speed as a function of forecast hour between
the all_alts_only and METAR_only forecasts. In the
surface pressure field, initially large differences are
halved 1 hour into the forecast, most likely as assimilation
increments inconsistent with the WRF attractor are dispersed. After the first hour, forecast differences grow
through 3 hours, indicating that some of the adjustments
made by assimilating dense altimeter observations project onto modes of growth in the model and the forecasts
diverge. This forecast divergence is more notable in the
2-m temperature and 10-m u-wind plots where differences grow directly from the initialization time and increase by 130% for temperature and 60% for wind speed

2405

FIG. 5. Time series of the time mean root-mean-square difference between the all_alts_only experiment and the METAR_only
experiments for surface pressure, 2-m temperature, 10-m u-wind
component, and 10-m y-wind component as a function of forecast
hour. The forecasts used for these averages were limited to those
for which the initial difference in 10-m wind speed exceeded
2 m s21 at more than 500 grid points.

through the first 3 hours of the forecast. Thus, even
though the additional pressure observations make small,
localized adjustments to the wind and temperature fields,
they still lead to significant differences in subsequent
forecasts. After 3 hours, the differences in all three fields
decrease, most likely due to the identical boundary conditions spreading into the small domain; we expect that
the influence of the boundary conditions on the domain is
strongly dependent on the size of the domain used.
The differences between the forecast geopotential
height fields of these two experiments are also evaluated. Forecast difference evolution patterns similar to
the surface pressure difference evolution are evident in
the geopotential height field below 700 hPa (not shown).
Above 700 hPa, at no forecast time did the differences
in geopotential height between the all_alts_only and
METAR_only experiments increase, suggesting that the
additional dense altimeter observations have a smaller
effect on the domain-averaged mid- and upper-tropospheric
structure.
Model time series are compared to 1-min observations
to evaluate the performance of the different forecasts.
Figure 6 shows a comparison of the 10-m u-wind component at three observation sites along the Columbia
River for the frontal passage shown in the left column of
Fig. 4. As seen from the difference patterns in Fig. 4, the
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FIG. 6. (top three panels) Time series of u-wind components (m s21) from 1-min observations
(black) and WRF time step traces from an all_alts_only assimilation (red) and a METAR_only
assimilation (green) for forecasts beginning at 1800 UTC 17 Nov 2012. The time series have
been smoothed by 5-min running means. (bottom) The locations of the three observations are
identified. Sites BGDH and BHOR are wind observations from the Bonneville Power
Administration network and are not used for assimilation in any experiments.

additional altimeter observations shift the frontal boundary approximately 50 km east. This shift is apparent in
bands of higher pressure, lower temperature, and increased wind speed in the difference plots. At all three
sites in Fig. 6, the forecast from the all_alts_only experiment improves the timing of the frontal passage by as
much as 20–45 min over the experiment where only
METAR altimeters were assimilated. This improvement
in timing is apparent through 9 hours into the forecast.
Similar improvements in the timing of the frontal passages are noted for all six frontal passage cases examined
(not shown). These findings indicate that additional dense

pressure observations improve the position of frontal
boundaries beyond METAR observations alone, and
that these changes result in forecast improvements.

4. Cycling experiments
The 12-h forecasts of the ensemble member closest to
the mean from the no-cycling update experiments allow
for rapid evaluation of the forecast improvement from
assimilating additional dense pressure observations.
However, since each no-cycling analysis is nearly independent of all other analyses, the cumulative effect of
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TABLE 4. Cycled domain-averaged 3-h forecast RMSE at verification observation sites.

Case name

Altimeter (hPa)

2-m temperature (K)

10-m u wind (m s21)

10-m y wind (m s21)

Control
METAR_only
METAR_only_nobc
all_alts_only
all_alts_only_nobc
alt_tend_only
rtenkf
rtenkf1tend
all_obs

2.152
1.634
1.765
1.400
1.842
1.537
1.340
1.332
1.266

2.365
2.082
2.090
1.970
2.100
2.018
1.949
1.813
1.930

2.867
2.614
2.620
2.584
2.788
2.518
2.616
2.603
2.603

3.823
3.414
3.422
3.398
3.723
3.487
3.300
3.293
3.272

cycling an ensemble while assimilating additional pressure
observations cannot be evaluated. Furthermore, single
deterministic forecasts are typically inferior to ensemble
mean forecasts. To evaluate the cumulative effect of assimilating dense pressure observations with full ensemble
forecasts, 3-h forecast errors are evaluated for the entire
month of study using a 3-h cycling ensemble.
A summary of the domain-averaged ensemble-mean
3-h forecast RMSE for all cycling experiments and all
surface fields is given in Table 4 with the mean reductions
in error between select pairs of cases shown in Fig. 7. Two
experiments assimilating different densities of altimeter
observations are performed with (METAR_only and
all_alts_only) and without (METAR_only_nobc and
all_alts_only_nobc) bias correction for the altimeter observations. At both observation densities, the

domain-averaged ensemble-mean 3-h altimeter forecast
errors improve with 99% confidence when the observations are bias corrected: a 21% reduction in errors for the
all_alts_only experiment and a 6% reduction in errors for
the METAR_only experiment. These results indicate
that the bias correction method is effective, even for
METAR observations. Both the all_alts_only and all_obs
experiments (which include the additional altimeter observations) show improvement in the 3-h forecast RMSE
of the surface altimeter field over their counterpart experiments that just assimilate the METAR altimeter
observations (METAR_only and rtenkf experiments,
respectively). Comparing these experiments reveals that
for surface temperature and wind forecasts, pressure
observations alone are no substitute for assimilating
surface temperature and wind observations. The 3-h

FIG. 7. The month-long mean difference in domain-averaged 3-h forecast RMSE between
selected pairs of cases, with the 95% confidence interval shown. The experiments compared are
[all_alts_only 2 METAR_only] (blue), [all_obs 2 rtenkf], and [rtenkf1tend 2 rtenkf] (green).
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FIG. 8. Domain-averaged 3-h forecast root-mean-square errors for (left) temperature and (middle) u- and (right) y-wind components at
various levels as computed against ACARS observations. The experiments are the control (red), rtenkf (green), rtenkf1tend (purple),
and all_obs (orange).

forecast errors for surface temperature and wind components are much improved when observations of those
fields are assimilated. When temperature and wind observations are assimilated, assimilating additional dense
altimeter observations does improve the forecast: statistically significant (at the 95% level) reductions in error
are noted for the altimeter, 2-m temperature, and 10-m
y-wind component (but not the 10-m u-wind component).
The 3-h forecasts of surface pressure produced by the
ensemble are used to compute 3-h altimeter tendency
forecasts and additional experiments are performed
where observed 3-h altimeter tendencies are assimilated. Forecast errors for experiments assimilating only
3-h altimeter tendency at all available observation locations (alt_tend_only) and assimilating a standard set
of observations with the dense 3-h altimeter tendencies
(rtenkf1tend) are also shown in Table 4. Interestingly,
the rtenkf1tend experiment shows the lowest RMSE
for 3-h forecasts of 2-m temperature and an identical
RMSE for 10-m u-wind component to the all_obs experiment. The improvements in the 2-m temperature
forecasts are statistically significant (at the 95% level)
over the rtenkf case while the improvements in the 10-m
u wind are not (Fig. 7). The ability of altimeter tendency
to constrain surface temperature errors was noted in
Wheatley and Stensrud (2010), where they hypothesize
that pressure tendency observations are particularly

sensitive to mesoscale temperature patterns. Given that
bias correction was needed to better exploit the raw
altimeter observations but the altimeter tendency observations required no bias correction, these similar error reductions suggest altimeter tendency observations
could be considered as an alternative to raw altimeter
observations without the need for bias correction.
Forecast errors for upper-level variables are also
evaluated from these experiments. Figure 8 shows vertical profiles of the domain-averaged RMSE verified
against ACARS observations. Note that all experiments
shown, except the control, assimilate upper-air observations (ACARS, radiosondes, and satellite cloud-track
winds); the only differences are in the number or type
of pressure observations assimilated. While all experiments show improvement over the control with no data
assimilation, reduced errors at low- to midtropospheric
levels are noted for wind and temperature in the all_obs
experiment over the rtenkf experiment. The rtenkf1tend
experiment has an error profile nearly identical to the
rtenkf experiment, suggesting that the adjustments
made by assimilating 3-h altimeter tendencies do not
project strongly on structures aloft. At and above
300 hPa, all three experiments have nearly identical errors, which agrees with the lack of growing differences in
the upper-troposphere geopotential height fields noted
in the deterministic 12-h forecast comparisons. Similar
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error profiles are seen when evaluated against radiosonde observations (not shown).

Convergence zone case study
To further evaluate the ability of dense pressure observations to improve the analysis and short-term forecast of small-scale, high-impact weather phenomena,
a case study was chosen where there was a failure in
operational deterministic and ensemble forecasts. A
Puget Sound convergence zone (Mass 1981) formed
over northern King County, Washington, during the
morning of 24 October 2011 and drifted south from 1200
to 1800 UTC. This isolated convective band brought
heavy showers and small hail to the Seattle, Washington,
area, disrupting the morning commute and contributing
to several automobile accidents. Figure 9 shows the composite reflectivity image at 1502 UTC during the peak of
the event. This event was poorly forecast by the University
of Washington WRF deterministic forecasts, even at 4-km
horizontal resolution. The combination of a forecast failure, a very localized, high-impact weather event, and the
location of this convergence zone over a region with a high
density of available pressure observations (Fig. 1) makes
this an attractive case to test the contributions of dense
pressure observations to the forecast.
Given the limited time duration of this event, the
number of ensemble members is increased to 80 to
better sample local covariances. The inner, 4-km nested
domain remains the same as for previous experiments,
but the outer domain duplicates the 36-km outer domain
used in the UW-rtEnKF system and in Ancell et al. (2011).
All other parameters remain the same as described before, except for the microphysics scheme, which is
changed to the WSM 5-class scheme for better representation of convective microphysical processes.
The ensemble is initialized with member states from
the UW-rtEnKF system archive with linear combinations of existing UW-rtEnKF ensemble member states
used to increase the ensemble population to 80 members. The ensemble forecasts start at 0000 UTC 24
October 2011 and run through 0600 UTC without data
assimilation to allow for model spinup. Data assimilation for each experiment commences at 0600 UTC and
continues with 3-hourly cycling through 1500 UTC.
In addition to the 3-h cycling experiments, the impact
of increasing the frequency of assimilated altimeter
observations is investigated with two hourly assimilation
experiments: one using only the dense altimeter observations every hour and another using only the computed
1-h altimeter tendencies every hour. The 3-h ensemble
forecasts starting at each assimilation time are also made
in these hourly cycling experiments so that the forecast
results are directly comparable to other experiments.

FIG. 9. Composite reflectivity image from the KATX Weather
Surveillance Radar-1988 Doppler (WSR-88D) at 1502 UTC 24 Oct
2011. The convergence zone convective showers are circled by
a red line. Many of the remaining radar returns are ground clutter.

Figure 10 shows a comparison of the 3-h ensemblemean forecasts of simulated composite reflectivity from
six experiments (control, rtenkf, alt_tend_only with 3-h
cycling, alt_tend_only with 1-h cycling, all_alts_only
with 3-h cycling, and all_alts_only with 1-h cycling) valid
at 1500 UTC. These simulated reflectivity images may
be compared with the observed radar composite reflectivity at 1502 UTC (Fig. 9). Figure 11 shows the
number of ensemble members with a local maxima in
simulated composite reflectivity of at least 30 dBZ at
each grid point to illustrate the ensemble spread in the
placement of the precipitation maxima at 1500 UTC.
The control experiment without data assimilation
shows no precipitation band in the vicinity of the convergence zone, consistent with the forecast failure of the
UW WRF real-time deterministic model. The rtenkf
experiment, which closely mirrors the performance of
the UW-rtEnKF system, introduces a band of precipitation over northern Puget Sound, but the band is
north of the correct position. The relatively diffuse
pattern of the ensemble mean in the rtenkf experiment
is indicative of considerable spread in the ensemble
members as to the location and intensity of the precipitation. This is further highlighted by the dispersion in
the locations and reduced number of reflectivity maxima
greater than 30 dBZ in Fig. 11. The alt_tend_only experiment with 3-h cycling appears to produce little improvement over the control. There is a greater
southwestern extent of the precipitation and some hint
of a more banded structure, but overall it remains similar to the control experiment. Increasing the cycling
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FIG. 10. The 3-h forecasts of ensemble-mean simulated composite reflectivity (dBZ) valid at 1500 UTC 24 Oct 2011 for the (top left)
control, (top middle) rtenkf, (top right) alt_tend_only with 3-h cycling, (bottom left) alt_tend_only with 1-h cycling, (bottom middle)
all_alts_only with 3-h cycling, and (bottom right) all_alts_only with 1-h cycling.

frequency to hourly and using 1-h altimeter tendencies
also does not provide much improvement over the control case, though a small secondary maxima in the mean
composite reflectivity occurs over the correct location of
the convergence zone precipitation. However, only a
small number of ensemble members appear to have a
local maxima in reflectivity at that location.
In contrast to these experiments, the all_alts_only
experiment with 3-h cycling shows that assimilating
dense pressure observations alone yields a more concentrated band of precipitation in the 3-h forecast, and
that this band is slightly closer to the observed position.
Finally, the 3-h forecast from the all_alts_only experiment
with 1-h cycling matches the observed precipitation band
well. Not only is the location of the precipitation nearly
correct, but the high intensity of the ensemble-mean
composite reflectivity reflects relatively small spread in
the ensemble members as to the location and intensity of
the precipitation band (Fig. 11). It is hypothesized that

the more frequent assimilation of the observations
predisposed the ensemble to smaller, more transient
mesoscale features relevant to the convergence zone
and to low ensemble spread, such that many members
exhibit a precipitation maximum in nearly the correct
location. The success of this 1-h cycling experiment
suggests further study on the potential utility of frequent
assimilation intervals to improve short-term mesoscale
forecasts. The improved depiction of the precipitation
band in the all_alts_only cases at either cycling frequency over the alt_tend_only cases also suggests that
the raw altimeter observations may be more sensitive to
the mesoscale structures surrounding this feature than the
altimeter tendency observations.
A more direct comparison of the mesoscale impacts
of these two observation types can be seen in the assimilation increments. The mean assimilation increments in the 850-hPa wind fields at the time of the
maximum intensity of the convergence zone (1500 UTC)
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FIG. 11. Number of ensemble members with a local maxima in composite reflectivity of at least 30 dBZ at each grid point at 1500 UTC 24
Oct 2011 for all cases. Local maxima are determined with a 40-km exclusion radius to identify independent maxima. The thick black line
follows the 10-dBZ contour in the ensemble-mean composite reflectivity.

are shown for three cases in Fig. 12. In all of these cases,
the location of the reflectivity maxima at 1500 UTC was
misplaced to varying degrees as noted previously. The
increment, where the rtenkf observations were assimilated (which include upper-air observations of wind and
temperature and the METAR altimeter observations),
makes larger-scale adjustments to the flow. However,
a computation of the change in convergence (not shown)
in the increment of the rtenkf experiment reveals no
increase in convergence in the vicinity of the convergence zone. In the all_alts_only experiment (with 3-h
cycling), the dense altimeter observations directly increase the low-level convergence in the vicinity of the
convergence zone by increasing southerly winds to the
south of the convergence zone. The 3-h altimeter tendency observations in the alt_tend_only case also increase southerly flow, but not nearly to the same extent
as the raw altimeter observations. These assimilation
increments provide another example of how dense

pressure observations can be sensitive to mesoscale
features that coarser surface observation densities are
unable to capture.

5. Conclusions
This research evaluates the potential of dense surface
pressure observations for describing the atmospheric
details necessary for better analyses and forecasts of
mesoscale, short-term, high-impact weather events. A
large number of pressure observations are available on
a regular basis from extant networks in the Pacific
Northwest, increasing the number by an order of magnitude over METAR observations. Quality control and
bias correction methods were developed to improve the
utility of the pressure observations, and these methods
were shown to be effective at reducing errors in the
analysis altimeter fields and 3-h forecasts when verified
against independent observations.
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FIG. 12. 850-hPa wind increments (m s21) at 1500 UTC 24 Oct 2011 for the rtenkf, alt_tend_only, and all_alts_only cases, all with 3-h
cycling intervals. The vector wind increment is shown by arrows. The magnitude of the wind speed increment is illustrated by the size of the
arrows and the color shading. Gray areas are locations where the 850-hPa surface is below the terrain.

Assimilating all available pressure observations reduced the domainwide error in the resulting surface
pressure analysis by an additional 5% as compared to
just assimilating METAR observations, but these additional pressure observations did little to change the
domainwide analysis error in the surface temperature or
wind fields. Closer scrutiny of the differences in analysis
increments between the low-density (METAR) and
dense pressure network experiments revealed that substantial, small-spatial-scale modifications were made to
surface temperature, wind, and pressure fields in the
vicinity of mesoscale features with the addition of more
pressure observations. For example, assimilating additional pressure observations made coherent adjustments
to frontal features, convective bands, and wind patterns
around a Puget Sound convergence zone. Forecasts
based on these analyses showed that the adjustments
introduced by additional pressure observations persisted and grew through the first 3 hours of the forecast.
Furthermore, forecasts following the assimilation of
additional pressure observations had significantly improved timing (20–45 min) of frontal passages.
Experiments with fully cycling ensembles revealed
statistically significant improvements in domain-averaged
errors for surface pressure, temperature, and meridional
wind forecasts with the addition of dense pressure observations. Improvements were also noted in the temperature and wind errors throughout the low- to
midtroposphere. The 3-h altimeter tendency observations
successfully contributed to the reduction of forecast errors, most notably in the surface temperature field.
However, these improvements did not appear to extend
above the surface. Further research may investigate how

to best exploit pressure tendency observations, for instance by determining the optimal tendency time frame
that provides the most useful information for the scales of
interest.
A case study of a specific occurrence of a mesoscale
precipitation band showed the potential for dramatic
improvement of the short-term forecast by assimilating
dense surface pressure observations. In particular, hourly
assimilation of dense pressure observations led to a successful forecast of this event, suggesting that frequent
assimilation of dense pressure observations may improve
short-term forecasts of high-impact mesoscale events.
While bias correction methods were developed to improve observations, no attempt was made here to correct
model bias. Several studies (Ancell 2012; Mass et al.
2008) have shown that systematic estimation and removal of model bias in surface wind and temperature
fields can lead to more effective data assimilation and
improved forecasts. It is unclear at this time whether
significant biases are present in the surface pressure
field; future studies could determine if a model bias removal technique would further improve the impact of
dense pressure observations.
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