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Summary

This paper highlights results from a series of observing
system simulation experiments (OSSEs) designed to assess
the impact of assimilating data from a hypothetical network
of constant density, super pressure balloons on regional
weather analyses and forecasts over the continental U.S.
These super pressure balloons would be carried passively
by the wind at various levels in the atmosphere taking
measurements of pressure, temperature, moisture, and wind
velocity similar to other Lagrangian drifters that have been
used in meteorology for nearly 50 years. The super pressure
balloons or probes are envisioned to be the main component
of a new observing system called Global Environmental
Micro Sensors (GEMS). The novel aspect of the GEMS

system is the integration of micro and eventually nanotech-
nology to develop probes with significantly lower mass,
size, and cost. Given these attributes, thousands of probes
could be deployed for research and operational missions
thereby greatly expanding the amount of in situ observa-
tions, especially over data sparse oceanic regions.

As part of a multi-year feasibility study on the GEMS

system, modeling and simulation were used extensively to
study probe deployment, dispersion, and data impacts using
OSSEs. The OSSEs were designed to mimic an operational
regional forecast cycle by running a series of 48 h forecasts
initialized using a four-dimensional data assimilation scheme.
Results showed statistically significant improvements of tem-
perature, dew point, and vector wind over forecasts as-
similating only conventional in situ surface, upper air, and

aircraft observations. Sensitivity experiments indicated that
the OSSEs produced nearly identical forecast impacts with a
90% reduction in the amount of data assimilated. This result
is important in defining the requirements for system and
probe cost.

1. Introduction

The idea of using super pressure or constant den-
sity platforms for atmospheric sampling has been
prevalent for almost half a century (Angell and
Pack 1960). Early efforts by the U.S. Air Force
date back to the Global Horizontal Sounding
Technique balloon system flown in the mid
1960’s and development has progressed to mod-
ern day ‘‘stratospheric satellites’’ (Girz et al. 2002;
Pankine et al. 2002), including NASA ‘‘pump-
kin’’ balloons. Most past and current efforts have
focused on creating massive super pressure bal-
loons (tens of meters in diameter or larger) that
carry payloads of tens to hundreds of kilograms
for astronomy, atmospheric chemistry, meteo-
rology, and other remote=in situ measurements
while flying above the cruise altitude for com-
mercial airliners. There are smaller Lagrangian
drifters that are currently available such as
tetroons (Businger et al. 1999) and smart bal-
loons that feature constant volume but adjustable
density (Johnson et al. 2000; Businger et al.
2006). Current operational versions of the smart

Correspondence: John Manobianco, AWS Truewind LLC, 463

New Karner Rd., Albany, NY 12205, USA (E-mail: jmanobianco@

awstruewind.com)



balloon are �3 m in diameter with a mass of
more than 1 kg.

Substantial reductions in platform mass, size,
and cost along with added functionality can
now be realized by leveraging current and ex-
pected advances in micro and ultimately nano-
technology. Such advancements have inspired
a concept for a new observing system called
Global Environmental Micro Sensors (GEMS;
Manobianco 2002, 2005). The system features
a wireless network of in situ, airborne probes that
can monitor all regions of the Earth with unprec-
edented spatial and temporal resolution. The
GEMS system has the potential to expand greatly
the amount of in situ observations especially over
data sparse oceanic regions.

The GEMS concept was evaluated during the
course of a multi-year study for the National
Aeronautics and Space Administration (NASA)
Institute for Advanced Concepts (NIAC; http:==
www.niac.usra.edu). The first phase of the NIAC

GEMS study focused on identifying the major
feasibility issues including probe design, power,
communication, networking, signal processing,
sensing, deployment, dispersion, data impact,
data collection and management, costs, and oper-
ational=environmental concerns (Manobianco
2002). The second phase concentrated on study-
ing these issues with respect to cost, performance,
and development time, using the results to formu-
late a technology roadmap (Manobianco 2005).
There are a large number of possible design
trade-offs based on these feasibility issues, which
comprise a complex, multi-dimensional parameter
space. Modeling and simulation were used exten-
sively as a cost-effective and controlled way to
study the trade-offs and map out pathways for
further system development that are embodied in
a technology roadmap (Manobianco 2005).

The probe requirements for power, communi-
cation, and terminal velocity, identified as part of
the trade-off studies, are best achieved using a
design based on self-contained, super pressure
balloons filled with helium to make them neutral-
ly buoyant (i.e. with zero terminal velocity). In
addition to on-board power and communication
modules, each probe has limited processing and
sensing capabilities. Power is generated by thin-
film solar cells and stored in super-capacitors or
small lithium ion batteries. The probes transmit
data to low-Earth orbiting satellites which then

relay it to ground stations located around the
world. Probe deployment could occur in several
ways depending on the application, desired spa-
tial resolution, and coverage patterns. For limited
deployment over land, the probes could be re-
leased like rawinsondes from surface stations.
However, for more targeted applications such
as field experiments or operational reconnais-
sance missions, the probes would likely be de-
ployed from aircraft.

The prototypes currently being developed from
commercial-off-the-shelf components are disk
shaped at �100 cm in diameter and weighing
�150 gm. Significant reductions in mass and di-
ameter to 5 gm and 15 cm, respectively, is achiev-
able in the next 5–10 years based on trends in
miniaturization=integration of probe components
as well as advances in materials such as carbon-
nanotube reinforced polymers (Hou and Reneker
2004). The shell size and the payload mass de-
termine the altitude where the probes would be
neutrally buoyant. The electronics, minus the
sensors, are encapsulated by a thin helium-filled
polyester shell such as MylarTM. The shell could
include either a thin metal or glass layer to
minimize helium leakage and might also be op-
tically coated to regulate the internal temperature
of the vessel. Current MicroElectroMechanical

Systems (MEMS)-based sensor technology is be-
ing integrated into a low-cost, low-power, and
low-mass suite to measure temperature, pressure,
humidity, and wind velocity using micro Global
Positioning Systems (GPS) with the same accu-
racy as rawinsondes and dropsondes (Hock and
Franklin 1999; National Center for Atmospheric
Research 2004).

The remainder of this paper focuses on the
design and trade-off study presenting results
from simulated probe deployment, dispersion,
and data impacts on regional weather analyses
and forecasts using observing system simulation
experiments (OSSEs). Section 2 provides a de-
scription of the methodology followed by the
OSSE results in Sect. 3. Section 4 concludes with
a summary and future plans.

2. Methodology

The nature of atmospheric flow is sufficiently
variable that GEMS probes could remain near
their release point or be rapidly swept away by

22 J. Manobianco et al.



the wind, depending on the weather patterns.
Numerical weather prediction (NWP) models
are capable of realistically depicting this variabil-
ity and are therefore ideal tools to simulate probe
dispersion and deployment. In addition, simulated
measurements of atmospheric temperature, pres-
sure, moisture, and wind velocity can be used
to evaluate the impact of these observations on
meteorological analyses and forecasts for differ-
ent weather regimes within the OSSE framework
(Arnold and Dey 1986; Rohaly and Krishnamurti
1993; Atlas 1997; De Pondeca and Zou 2001).
Following Atlas (1997) and Lord et al. (1997),
OSSEs include a nature run to provide the ‘‘as-
sumed truth’’ and simulated observations. These
simulated observations are then incorporated into
another model using a data assimilation (DA) cy-
cle to generate analyses and forecasts.

a) Nature simulations
The NWP model used for the nature run and
to simulate probe deployment=dispersion is
the Advanced Regional Prediction System
(ARPS; Xue et al. 2000, 2001). Table 1 pro-
vides a brief summary of the major dynamical
and physical features of the ARPS used for the
simulations discussed in this paper. Global sea-
surface temperatures were interpolated from
the Navy Operational Global Atmospheric Pre-
diction System (NOGAPS) model initial con-
ditions at 1� � 1� grid spacing, whereas soil
moisture was initialized using fixed values based
on climatological soil types. Sea-surface tem-
peratures were fixed throughout the ARPS mod-
el integration.

Two ARPS 50-km hemispheric nature runs
(domain A, Fig. 1) were initialized using
Aviation Model (AVN) analysis fields (1� � 1�)
from 0000 UTC 1 June 2001 and 0000 UTC 1
December 2001, respectively, and run for 30
days. The AVN grids were also used to provide
lateral boundary conditions at 12-h intervals
throughout each model run. The summer month
was chosen to assess GEMS probe dispersion and
data impact during a weather pattern with rel-
atively weak large-scale flow, and the winter
month was selected to analyze probe dispersion
with strong jet streams and progressive large-
scale features. A one-way nested 15-km domain
covering a large portion of the United States
and Canada (domain B, Fig. 1) was initialized
at 0000 UTC 10 June 2001 and 0000 UTC 10
December 2001, respectively, and run for 10
days. For each 15-km ARPS simulation, lateral
boundary conditions were supplied by the ARPS

50-km simulations at 3-h intervals. Both grid
configurations used 45 sigma-z levels extending
from the surface to �18 km with layer spacing of
100–200 m below 1.5 km that was stretched to
>700 m spacing above 10 km. The attributes of
the ARPS nature runs are summarized in the
OSSE flowchart (left side of Fig. 2) and time line
(Fig. 3).

b) GEMS probe dispersion
The ARPS was coupled with a Lagrangian par-
ticle model (LPM) to simulate the dispersion of
(and observations collected by) an ensemble of
GEMS probes. The LPM tracked the location
of each probe based on three-dimensional (3-D)

Table 1. Summary of dynamical and physical
features of the ARPS used for the nature simulations
described in the text. Details and specific references
for the ARPS are provided in Xue et al. (2000, 2001)

Feature Description

Equations Nonhydrostatic and fully
compressible

Coordinate system Sigma-z with stretching

Initial condition Aviation Model (AVN)
analyses

Lateral boundary
conditions

Aviation Model (AVN)
analyses and ARPS

Top boundary condition Rigid boundary with Rayleigh
sponge layer

Nesting 1-way interactive mode

Subgrid scale turbulence 1.5-order closure TKE-based
scheme, fully 3-D in sigma-z

PBL turbulence
parameterization

1.5-order TKE-based non-local
mixing

Cloud microphysics Lin=Tao five-category ice
microphysics

Cumulus
parameterization

Kain=Fritsch with shallow
convection

Soil model Two-layer soil-vegetation
model with surface energy
budget

Radiation Full shortwave=longwave
schemes with cloud-radiation
interaction
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wind components and updated probe position
(x, y, z) from the following formulation:

xðt þ�tÞ ¼ xðtÞ þ ½uðtÞ þ u0ðtÞ��t; ð1Þ
yðt þ�tÞ ¼ yðtÞ þ ½vðtÞ þ v0ðtÞ��t; ð2Þ
zðt þ�tÞ ¼ zðtÞ þ ½wðtÞ þ w0ðtÞ þ wt��t; ð3Þ

where �t is the model time step, u, v, and w are
the resolvable-scale west–east, north–south, and

vertical components of wind velocity, respective-
ly, obtained directly from the ARPS model, and
u0, v0, and w0 are the turbulent velocity fluctua-
tions estimated from a sub-grid scale (SGS) tur-
bulence parameterization (Mellor and Yamada
1982) similar to the SGS scheme of Deardorff
(1980) used in the ARPS model. The turbulent
velocity components were derived from a first-
order Markov scheme assuming that turbulence

Fig. 1. Grid configuration for the nature and OSSE simulations. Box A represents the outer nature 50-km and
OSSE 60-km domains, while box B denotes the nature 15-km and OSSE 30-km domains, respectively. Box C represents
the area of objective verification statistics described in the text. Surface stations used for GEMS deployment
scenario are given by the black dots

24 J. Manobianco et al.



is Gaussian in all three dimensions and nonho-
mogeneous in the vertical but locally homoge-
neous in the horizontal. Simulated probes can
be deployed any time during the model integra-
tion at any latitude, longitude, and altitude within
the model domain.

The terminal velocity of probes [wt term in
Eq. (3)] was derived from a balance of drag,
gravity, and buoyancy forces. The probes were
assumed to be 14-cm diameter spheres filled with
helium and having variable mass from 50–
1500 mg so that each one was neutrally buoyant

Fig. 2. Flowchart for the
observing system simulation
experiments

Fig. 3. Time line of the regional observing system simulation experiments and data assimilation methodology. Simulated
conventional and GEMS data from the nature run were available at the time intervals depicted by arrows and assimilated
in a continuous fashion using Newtonian relaxation as described in the text
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at some level from the surface to �14 km based
on a standard atmosphere. Once a probe reached
its simulated level of neutral buoyancy, wt¼ 0;
however, altitude fluctuations due to large-scale
(w) or turbulent (w0) vertical motions could dis-
place it to levels where it may be positively or
negatively buoyant. In this case, further adjust-
ments were modeled to restore the probe to its
level of neutral buoyancy.

As wind currents transport probes through
areas of simulated precipitation, liquid or frozen
hydrometeors impacting the probes could alter
their trajectories and=or cause them to washout
of the air (Seinfeld and Pandis 1998). This pro-
cess, known as wet deposition or precipitation
scavenging, may significantly affect how long
probes remain airborne. The scavenging process
was parameterized in the LPM by accounting for
two effects. First, rain or snow was assumed to
wet the probe shell and increase its mass at a
constant rate for both precipitation types up to
a limit of 1.2 times its original value. Second,
rain drops were assumed to impart their momen-
tum to the probe upon impact.

The accretion of supercooled water as well as
momentum effects of falling snowflakes and oth-
er frozen hydrometeors (e.g., graupel and hail)
were neglected in the current version of the
LPM. The physics of rain drop collisions were
simplified by assuming that all drops impacting
a spherical probe produce a net correction to the
terminal velocity under conservation of momen-
tum. The terminal velocity of rain drops was
determined from the rain water concentration
following one of the microphysical schemes used
in the ARPS model (Schultz 1995). The liquid
water content was computed from model precipi-
tation rates following Marshall and Palmer (1948)
for rain and Rogers and Yau (1989) for snow
where precipitation rates include contributions
from the convective parameterization and ex-
plicit microphysical schemes in ARPS.

The probes were assumed to have an infinite
lifetime until the wind carried them beyond
the model top, bottom topography, or horizontal
boundaries of the model domain. In reality,
probes would leak helium through the polymer
shells or seams thereby gradually decreasing
their level of neutral buoyancy until they settle
out of the atmosphere. For probes impacting the
ground due to negative vertical wind components

or precipitation scavenging, they would likely
return to a level of neutral buoyancy once wind
conditions changed or precipitation ceased and
water evaporated from the shells assuming the
shells remained intact. The helium leakage and
re-circulation of probes forced to the ground
were not included in the current version of the
LPM.

c) GEMS deployment scenarios
For all OSSEs discussed in this paper, simulated
GEMS probes were released from surface weather
sites around the Northern Hemisphere (dots in
Fig. 1) using the parameters listed in Table 2.
This deployment scenario featured probes as-
cending to levels of neutral buoyancy based
on their assumed mass, then remaining neu-
trally buoyant throughout the 30-day, 50-km
hemispheric ARPS simulations (June 2001 and
December 2001). Simulated probe deployment
on the 50-km hemispheric grid was designed to
create a ‘‘well-mixed’’ condition with a distribu-
tion of observations that had virtually no ‘‘mem-
ory’’ of the initial release pattern. The mass of
each simulated probe was selected randomly to
achieve uniform vertical coverage over the 30-
day deployment period.

For the one-way nested grid configuration of
ARPS, a method was developed to handle probes
drifting in and out of the regional 15-km grid. At
the initialization time of the 15-km grid, the posi-
tions of all simulated probes from the 50-km grid
located within the domain of the 15-km grid
were initialized on that grid. During the 15-km
simulations, probes that moved from the 50-km
grid into the domain of the 15-km grid were in-
troduced at 3-h intervals.

Table 2. Parameters used for the GEMS surface
deployment strategy

Properties Surface release with
buoyancy control

Number of sites 3,527 Northern Hemisphere
surface stations

Altitude 0.03–15 km

Frequency=duration 2 h=30 days

Terminal velocity 0.0 m s�1 at level of neutral
buoyancy

Total probes released 1,269,720
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d) Simulated observations
To simulate measurements obtained from GEMS

probes, an interpolation algorithm within the
ARPS=LPM was used to extract values of tem-
perature, humidity, u- and v-wind components,
and pressure. Besides GEMS measurements,
conventional in situ surface, upper air, and air-
craft observations were also extracted from the
ARPS simulations (with a set of sample statistics
given in Table 3). The simulated rawinsonde data
were extracted at 12-h intervals (0000 UTC and
1200 UTC) to mimic the observation frequency
of the current operational rawinsonde network.
Each simulated rawinsonde observation con-
tained 26 levels of data in order to emulate the
significant and mandatory levels reported by cur-
rent rawinsonde measurements.

To simulate observations from the Aircraft
Communications Addressing and Reporting
System (ACARS; Benjamin et al. 1999), both
time and position interpolation were used to ex-
tract measurements from the ARPS simulations
using actual ACARS flight positions obtained
from the Global Systems Division. The ACARS

flight position data were obtained for a typical
24-h period and used to approximate the posi-
tions during the period of interest. Simulated
moisture data were not included in the ACARS

data suite since the operational system generally
does not include such data.

In one sensitivity experiment, a random com-
ponent was added to all simulated observations to
represent instrument error. The magnitude of the
random errors consistent with each observation
type used in the experiments is given in Table 3.
These values were based on reported error stand-
ard deviations for rawinsondes (Ahnert 1991)
and aircraft (Benjamin et al. 1999). Since the
GEMS probes will integrate MEMS-based sen-
sors like those used for rawinsondes, the same
error magnitudes were added to GEMS obser-
vations. Errors of representativeness, in which
an observation measures a localized phenomenon
rather than the average condition around a single
point, could be included following Keil (2004);
however, these errors were not added to the sim-
ulated observations in this study.

One of the limitations in the current study is
that simulated satellite and other remote sensing
observations were not extracted from the nature
run and assimilated on either the hemispheric or
regional domains. Since the regional model runs
were conducted primarily over land regions, ex-
cluding satellite data in the OSSEs should have
much less impact than if such data were used
over oceanic regions where in situ data are much
more sparse. In fact, Zapotocny et al. (2005a, b)
demonstrated that, except for cloud track winds,
satellite data have much less impact on 12- to 24-h
forecasts over data dense regions of the U.S
where rawinsonde data are most prevalent.

e) Assimilation and forecast model
The results from OSSEs are generally considered
more robust if different models are used for the
nature run and DA=forecast cycle to avoid the
so-called ‘‘identical twin’’ problem (Atlas 1997).
Therefore, the Pennsylvania State University=
National Center for Atmospheric Research
Fifth-generation Mesoscale Model (MM5; Grell
et al. 1994) was used for the regional DA and
forecasts. A brief summary of the major dynam-
ical and physical features of the MM5 used for
the regional OSSEs discussed here is given in
Table 4. Global sea-surface temperatures were

Table 3. Summary of observation type including
variables, random error, and number of reports for each
type used by the data assimilation model at 0000 and
0300 UTC 11 June 2001

Observation
type

Variables� Random
error

Number of
reports

0000
UTC

0300
UTC

Rawinsonde T �0.5 K 219 0
Td �2 K
p �1 hPa
u, v �1 m s�1

ACARS T �0.5 K 1,553 2,140
p �1 hPa
u, v �1 m s�1

Surface T �0.5 K 2,337 2,337
Td �1 K
p �1 hPa
u, v �1 m s�1

GEMS T �0.5 K 115,881 115,620
Td �2 K
p �1 hPa
u, v �1 m s�1

� T¼Temperature; Td¼ dew point, p¼ pressure, u¼ u-wind
component, v¼ v-wind component
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interpolated from the NOGAPS model initial
conditions at 1� � 1� grid spacing, whereas soil
moisture and vegetation fractions were initialized
using model lookup tables based on mean clima-
tological values. As with the ARPS nature simu-
lations, sea-surface temperatures were held
constant throughout each MM5 run.

The horizontal grid spacing was increased
from 50 and 15 km for the nature runs to 60
and 30 km for the MM5 hemispheric and region-
al assimilation runs, respectively. The MM5 60-
km runs were initialized by interpolating the
ARPS 50-km nature solutions to the MM5
grids at 0000 UTC 10 June and 0000 UTC 10
December 2001. The MM5 60-km grid covered
approximately the same area as the 50-km ARPS

(domain A, Fig. 1). As with the ARPS nature
runs, AVN analysis fields (1� � 1�) supplied lat-
eral boundary conditions at 12-h intervals
throughout each model run. The regional MM5
30-km simulations, covering approximately the

ARPS domain B in Fig. 1, were initialized at
0000 UTC 11 June and 0000 UTC 11 December
2001. The MM5 30-km simulations were per-
formed using one-way nesting from the MM5-
60-km simulations and run until 0000 UTC 18
June and 0000 UTC 18 December 2001. The
MM5 was also set up to use 45 sigma levels
extending from the surface to �16.5 km with lay-
er spacing of 75–100 m below 1 km that in-
creased to >700 m above 10 km. The attributes
of the MM5 runs are summarized in the flow-
chart of the OSSEs (right-hand side of Fig. 2)
and the time line shown in Fig. 3.

By integrating the MM5 60-km simulations
for one day prior to the initialization of the 30-
km runs, the ARPS and MM5 solutions diverged
sufficiently over the assimilation domain due to
the inherent disparities between the models. In
addition, the hemispheric and regional MM5
simulations used coarser horizontal grid spacing
than the ARPS nature runs. These differences
between the nature and assimilation run were
designed to approximate the typical differences
between a ‘‘state of the art’’ NWP model and the
real atmosphere (Atlas 1997).

f) Data assimilation
Simulated conventional and GEMS data obtained
from the ARPS 15-km simulations were assimi-
lated into the MM5 at 3-h intervals throughout
each run using Newtonian nudging or four-
dimensional data assimilation (4DDA; Stauffer
and Seaman 1990). This technique allows the
model variables to be relaxed towards the obser-
vations by adding a forcing term to the equations.
While MM5 contains a four-dimensional varia-
tional technique for data assimilation (Zou et al.
1995), the scheme was too computationally de-
manding for use in this study.

In order to implement Newtonian nudging
within MM5, a number of parameters such as
observation radius of influence, time window,
and nudging coefficients must be specified. For
this study, the observation radius of influence
was assumed to be 300 km, the time window of
the observations was set to �15 minutes, and
the nudging coefficients were assumed to be
9� 10�4 s�1 for both temperature and mixing ra-
tio, and 5� 10�3 s�1 for winds. The nudging
coefficients for this study were assumed to be
the same for each observation type but could be

Table 4. Summary of dynamical and physical features
of the MM5 used for the observing system simulation
experiments described in the text. Details and specific
references for the MM5 are provided in Grell et al.
(1994)

Feature Description

Equations Nonhydrostatic and fully
compressible

Coordinate system Terrain-following sigma coordinate

Initial condition ARPS

Lateral boundary
conditions

Aviation model (AVN) analyses
and MM5

Top boundary
conditions

Rigid boundary with Rayleigh
sponge layer

Nesting 1-way interactive mode

PBL turbulence
parameterization

Mellor-Yamada scheme as used in
Eta model and 1.5-order TKE-based
local mixing

Cloud microphysics Reisner five-category mixed ice
microphysics

Cumulus
parameterization

Kain=Fritsch 2 including shallow
convection

Soil model Five-layer soil-vegetation model
with surface energy budget

Radiation Full shortwave=longwave schemes
with explicit cloud-radiation
interaction
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varied with updated versions of the MM5 nudg-
ing scheme to mimic different error variances
typically used in variational schemes (Liu et al.
2007). Simulated observations were assimilated
continuously into the MM5 at 3-h (rawinsonde at
12-h) intervals throughout the 7-day forecast per-
iods from 11–18 June and December 2001 (refer
to time line in Fig. 3). The number and type of
simulated observations assimilated into MM5 at
0000 UTC and 0300 UTC 11 June are given in
Table 3. Although the deployment strategy was
designed to generate a uniform vertical distribu-
tion of probes, the number of GEMS observa-
tions assimilated in each model layer fluctuated
in space and time due to atmospheric flow vari-
ability at different levels (not shown).

In order to mimic a regional operational fore-
cast cycle, 48-h forecasts were generated at 6-h
intervals during the DA period for both the June
and December 2001 cases following Weygandt
et al. (2004). A total of 29 forecasts were con-
ducted for each OSSE. A summary of the dates
and duration of the regional OSSE forecasts is
presented in Table 5.

Since information from the lateral boundaries
propagates through the regional domains espe-
cially at later forecast times (Warner et al.
1997), the regional grids were chosen as large
as computationally practical. Furthermore, simu-
lated conventional data (rawinsonde, surface, and
aircraft) extracted from the ARPS 50-km nature
run were assimilated into each MM5 60-km run
at 12-h intervals to provide better initial and
boundary conditions.

It is important to note that an additional hemi-
spheric MM5 60-km run could have been com-
pleted including both simulated conventional and

GEMS observations. This experiment would
have allowed GEMS observations to impact the
MM5 30-km data assimilation runs through im-
proved lateral boundary conditions supplied by
the 60-km grid. Therefore, the overall impact
of simulated GEMS observations on the 30-km
grid was likely under estimated especially at later
forecast times. On the other hand, the hemispher-
ic MM5 runs did not assimilate satellite data
which is the only significant source of observa-
tions over data sparse regions (especially upstream
of the 30-km domain in the western Pacific
Ocean). For this reason, the impact of GEMS

data on improving the lateral boundary condi-
tions and hence the 30-km forecasts could be
over estimated without assimilating satellite
observations on the 60-km domain.

g) Regional experiments
A total of nine OSSEs were conducted along
with the ARPS nature simulations as summarized
in Table 6. The Conventional (Cnv) simulations
serve as a reference against which the other
experiments are compared, since no simulated
GEMS data were assimilated in these runs.
Each OSSE, with the exception of sensitivity ex-
periment (Exp) 3, assumed perfect observations
with no errors.

Data thinning for Exp 6 and 7 was performed
by excluding probes randomly without replace-
ment throughout the assimilation domain to re-
duce the effective resolution of the assimilated
data. The random thinning scheme was designed
as a more efficient way to emulate changing the
deployment strategy to release probes from fewer
surface stations. To verify that random thinning
produced results similar to changing the de-

Table 5. Summary of the regional OSSEs for both the June and December 2001 cases

Simulation Dates Duration Experiment

Regional Nature Run – ARPS 10–20 June and December 10 days ARPS regional forecast
15-km simulations 10–11 June and December 1 day ARPS 15-km spin-up

11–18 June and December 7 days Simulated surface and ACARS observations
extracted at 3-h intervals (simulated
rawinsondes extracted at 12-h intervals)

Regional Assimilation Run – MM5
30-km simulations

11–18 June and December 7 days Data assimilation with 3-h update cycle
using ARPS simulated observations

11–18 June and December 7 days Generation of 48-h forecasts at 6-intervals
11–20 June and December 9 days Verification of MM5 forecasts against

ARPS nature simulations
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ployment strategy, the deployment scenario was
modified to release probes at only a tenth of the
original surface stations, effectively reducing the
number of probes at later times. Overall, ran-
domly thinning without replacement and chang-
ing the deployment strategy were found to give
very similar forecast results when used in the
OSSEs.

h) Regional OSSE validation
The OSSEs are considered more reliable if bench-
mark experiments using real observations from
current operational systems are compared to the
results from the OSSEs (Atlas 1997). In this
framework, the impact of an existing observation
system in the OSSEs is compared to the impact
of real observations in an observing system
experiment (OSE). If the OSSE and OSE results
are not similar, then a calibration of the OSSE

can be done using a constant of proportionality
(Hoffman et al. 1990).

For the OSEs, actual surface, rawinsonde, and
aircraft (ACARS) observations were obtained
over the period 0000 UTC 10 June to 0000
UTC 20 June 2001 and assimilated in the 60-
and 30-km MM5 runs with the same configura-
tion used for the MM5 June 2001 Cnv OSSE.

Both the regional June 2001 OSSE and OSE

were then repeated withholding aircraft data to
determine if removing observations within the
OSSE framework produced results that were con-
sistent with similar changes to the real data as-
similation system. For data impact comparisons
between the OSSE and OSE, the RMS differ-
ences in temperature and vector wind over the
same domain shown in Fig. 1 were computed
at rawinsonde locations (i.e., point verification)
and normalized to obtain a percentage forecast
(%) improvement¼ 100� (CNTL�EXP)=EXP.
In this expression, the CNTL term represents the
RMS difference in the OSSE (OSE) with the en-
tire suite of conventional observations whereas
the EXP term represents the same experiment
without aircraft data. Positive (negative) values
indicate improved (worsened) impact of the as-
similated data on the forecasts.

i) Regional OSSE verification
In order to assess the impact of assimilating
GEMS observations, the ARPS nature runs were
interpolated to a grid identical to that of the
MM5 30-km simulations (following Hamill and
Colucci 1997). Objective verification of the
OSSEs was then accomplished by calculating

Table 6. Summary of the simulations and regional OSSEs for June 2001 and December 2001. For each experiment, the
variables assimilated into the OSSE (if applicable) are provided, along with a description of the experiment and data
assimilation details. Experiment descriptions are only given for the regional ARPS 15-km and MM5 30-km simulations,
respectively. Sensitivity experiments 1–7 were conducted only for June 2001

Simulation Variables
assimilated

Experiment description

Nature N=A ARPS 10-day regional simulations

Cnv OSSE T, p, Td, u, v� Simulated surface, rawinsonde, and aircraft observations assimilated
into MM5

CnvGEMS OSSE T, p, Td, u, v Same as Cnv including simulated GEMS data

Sensitivity experiment 1 T, p, u, v Same as CnvGEMS but exclude GEMS Td

Sensitivity experiment 2 T, p, Td Same as CnvGEMS but exclude GEMS u, v

Sensitivity experiment 3 T, p, Td, u, v Same as CnvGEMS but include random errors based on the values
given in Sect. 2d

Sensitivity experiment 4 T, p, Td, u, v Same as CnvGEMS OSSEs, but include precipitation scavenging of probes

Sensitivity experiment 5 T, p, Td, u, v Same as CnvGEMS OSSEs, but use a 6-h GEMS data insertion frequency

Sensitivity experiment 6 T, p, Td, u, v Same as CnvGEMS OSSEs, but use only 10% of GEMS data

Sensitivity experiment 7 T, p, Td, u, v Same as CnvGEMS OSSEs, but use only 1% of GEMS data

� T¼Temperature, p¼ pressure, Td¼ dew point, u¼ u-wind component, v¼ v-wind component
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gridded bias and root mean square (RMS) differ-
ences of temperature, dew point, and vector wind
over a sub-domain centered on much of the U.S.
(box C, Fig. 1) from 1000 to 150 hPa at 50 hPa
intervals. The dew point rather than relative
humidity was used for verification because both
temperature and moisture differences affect rela-
tive humidity statistics.

If � represents a predicted variable from the
benchmark simulation or OSSEs, then forecast
differences were computed as �0 ¼�exp��nat

where the subscripts exp and nat denote the
experiment (OSSE) and nature quantities, respec-
tively. The bias and RMS differences of tem-
perature and dew point were computed using
standard formulas (Wilks 1995, chap. 7). The
vector wind bias and RMS differences were de-
fined by the following equations:

Meanvectormagnitudebias

¼
�

1

N

XN
i¼1

ðu2
expþv2

expÞ
�1

2

�
�

1

N

XN
i¼1

ðu2
natþv2

natÞ
�1

2

:

ð4Þ

Mean vector RMS difference

¼ 1

N

XN
i¼1

½ðuexp � unatÞ2 þ ðvexp � vnatÞ2�
1
2; ð5Þ

where N represents the total number of grid points
(171� 203) in the verification domain (box C,
Fig. 1) for each one of the 29 forecasts launched
every 6 h during the 7-day assimilation forecast
(Fig. 3). A paired t test accounting for temporal
or serial correlation was used to estimate
whether the bias and RMS differences averaged
over all 29 consecutive forecasts of the 7-day
assimilation period were statistically significant
at the 95% level (Wilks 1995). Ideally, the re-
gional forecast cycle should have been run for
longer periods of time to generate an independent
sample of forecasts that would not likely show
temporal correlation. However, this effort was
beyond the scope of the present study.

3. Results

a) OSSE validation
The data impact comparisons for the OSE and
OSSE are summarized in Fig. 4. The negative

values of percent improvement imply that with-
holding real (simulated) aircraft data from the
OSE (OSSE) degraded the 12-h forecasts of tem-
perature and vector wind. The OSSE features two
peaks in the temperature statistics on the order of
�13% around 225 hPa and �16% at 475 hPa.
The magnitude and vertical structure of temper-
ature percent improvement for the OSE is similar
but with minimum values of �13% at 450, 575,
and 775 hPa (Fig. 4a). The aircraft data had
maximum impact on the vector wind differences
in the upper troposphere on the order of �15%
although the OSE also shows a similar impact of
approximately �13% at 850 hPa that is not nearly
as large in the OSSE at the same level (Fig. 4b).
Despite some quantitative differences in the mag-
nitude and shape of the vertical profiles shown
in Fig. 4, withholding real aircraft data from the
DA=forecast system produced a similar response
as withholding simulated aircraft data. This result
suggests that the observing system simulation
framework described here mimics a real-data
system and can therefore be used to assess the
impact of GEMS data on regional analyses and
forecasts.

b) OSSE results
Overall, both the June and December 2001
OSSEs demonstrate that the assimilation of sim-

Fig. 4. Vertical profiles of temperature (a) and
vector wind (b) percent improvement for the 12-h
Observing System Experiment (OSE; solid line) and
Observing System Simulation Experiment (OSSE;
dashed line) forecasts from June 2001. Negative values
indicate that denying aircraft data from the OSE or
OSSE degraded the forecast
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ulated GEMS observations improved the pre-
diction of temperature, dew point, and wind over
the Cnv experiments. The following sub-sections
discuss these results along with the OSSE

validation and sensitivity experiments listed in
Table 6 by referencing vertical profiles of bias
and RMS differences as a function of forecast
hour in Fig. 5 through Fig. 9. The dew point

statistics are not shown above 250 hPa given
the low amount of moisture in the upper tropo-
sphere. The symbols plotted in each panel in-
dicate that the bias or RMS differences at each
pressure level are statistically significant at the
95% level based on paired t tests. The bias and
RMS differences between Cnv and CvnGEMS
OSSEs as well as the sensitivity experiments

Fig. 5. Vertical profiles of
temperature (a–c), dew point
(d–f), and vector wind (g–i)
bias for the Cnv (solid lines)
and CnvGEMS (dot-dashed
lines) OSSE from June 2001.
Data are presented for the
0-h (a, d, g), 12-h (b, e, h),
and 24-h (c, f, i) forecasts.
Statistics were computed over
the verification domain shown
in Fig. 1. The solid squares
plotted in each panel indicate
that the difference between
the Cnv and CnvGEMS bias
at each pressure level is
statistically significant at the
95% level based on paired
t tests
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were likely influenced by the lateral bound-
ary conditions especially after 24 h so the statis-
tics focus on the 0- (analysis) to 24-h forecast
period.

1) June 2001 OSSEs
With the exception of vector wind and dew
point bias above 400 hPa, assimilation of GEMS

observations did little to significantly decrease
the 0-h biases in temperature, dew point, and
vector wind for June 2001. Although there were
relatively small improvements at other levels in
the troposphere, many were not statistically sig-
nificant between 800 and 400 hPa (Fig. 5a, d, g).
The OSSE developed a positive (warm) tem-
perature bias relative to the nature run below

Fig. 6. Vertical profiles of
temperature (a–c), dew point
(d–f), and vector wind (g–i)
root mean square (RMS)
difference for the Cnv (solid
lines) and CnvGEMS
(dot-dashed lines) OSSE

from June 2001. Data are
presented for the 0-h
(a, d, g), 12-h (b, e, h),
and 24-h (c, f, i) forecasts.
Statistics were computed
over the verification domain
shown in Fig. 1. The solid
squares plotted in each
panel indicate that the RMS

difference between Cnv and
CnvGEMS at each pressure
level is statistically significant
at the 95% level based on
paired t tests
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800 hPa by 12 h that increased to a maximum
of 0.7 K at 950 hPa by 24 h even in the
CnvGEMS run (Fig. 5b, c). The Cnv OSSE had
a 0-h positive (moist) dew point bias relative
to the nature run above 850 hPa that reached
a maximum of more than 2.0 K at 400 hPa.
Meanwhile, a dry bias prevailed in both OSSEs
below 850 hPa. The negative (slow) vector wind

bias at 12–24 h was less than 1.0 m s�1 except
at or above 200 hPa where values approached
2.0 m s�1 (Fig. 5g–i).

In contrast to the bias, the vertical profiles of
temperature, dew point, and vector wind RMS

differences show that assimilating GEMS data
had a statistically significant impact on the 0-h
forecasts that was still evident at virtually all

Fig. 7. Vertical profiles of
temperature (a–c), dew point
(d–f), and vector wind (g–i)
bias for the Cnv (solid lines)
and CnvGEMS (dot-dashed
lines) OSSE from December
2001. Data are presented for
the 0-h (a, d, g), 12-h (b, e, h),
and 24-h (c, f, i) forecasts.
Statistics were computed over
the verification domain shown
in Fig. 1. The solid squares
plotted in each panel indicate
that the difference between
the Cnv and CnvGEMS bias
at each pressure level is
statistically significant at the
95% level based on paired
t tests
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pressure levels through the 24-h forecast period
(Fig. 6). In general, the RMS differences for the
Cnv and CnvGEMS OSSE increased with time
most notably for vector wind but also for temper-
ature and dew point. However, the CnvGEMS
RMS differences are consistently smaller than
the Cnv RMS differences at nearly all pressure
levels.

The largest improvements to the RMS differ-
ences occurred at 0 h in the mid and upper tropo-
sphere where GEMS data had the most impact by
improving the analyses used as initial conditions
in the subsequent forecasts (Fig. 6a, d, g). The
smaller RMS difference improvements below
900 hPa were likely due to the positive impact
of the conventional surface data (Fig. 6). It is

Fig. 8. Vertical profiles of
temperature (a–c), dew point
(d–f), and vector wind (g–i)
root mean square (RMS)
difference for the Cnv (solid
lines) and CnvGEMS (dot-
dashed lines) OSSE from
December 2001. Data are
presented for the 0-h (a, d, g),
12-h (b, e, h), and 24-h (c, f, i)
forecasts. Statistics were
computed over the verification
domain shown in Fig. 1. The
solid squares plotted in each
panel indicate that the RMS

difference between Cnv and
CnvGEMS at each pressure
level is statistically significant
at the 95% level based on
paired t tests
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helpful to recognize that the RMS differences can
be decomposed into contributions from the bias
and variance of the forecast differences following
Murphy (1988). In this case, assimilating GEMS

data decreased the RMS differences between Cnv
and CnvGEMS with smaller and far fewer statis-
tically significant reductions in bias. This result
indicates that GEMS DA had a larger impact on
decreasing the forecast variance (not shown) that

is typically attributed to initial condition uncer-
tainty and=or other nonsystematic model errors.

2) December 2001 OSSEs
The vertical profiles of temperature, dew point,
and vector wind bias for December 2001 (Fig. 7)
are qualitatively similar to those from June 2001
(Fig. 5). The primary difference is that the assim-
ilation of GEMS observations in December 2001

Fig. 9. Vertical profiles of
temperature (a–c), dew point
(d–f), and vector wind (g–i)
root mean square (RMS)
difference for the Cnv (solid
lines) and CnvGEMS (dot-
dashed lines), sensitivity
experiment 6 (Exp 6; 10% of
probe data; dot-dot-dash
lines), and sensitivity
experiment 7 (Exp 7; 1% of
probe data; dotted lines) OSSE

forecasts from June 2001.
Data are presented for the
0-h (a, d, g), 12-h (b, e, h), and
24-h (c, f, i) forecasts.
Statistics were computed over
the verification domain shown
in Fig. 1. The solid squares
(open circles) plotted in each
panel indicate that the RMS

difference between Cnv
(CnvGEM) and Exp 6 (Exp 7)
at each pressure level is
statistically signficant at the
95% level based on paired
t tests
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did decrease the 0-h biases at many levels in the
troposphere by a statistically significant amount
(Fig. 7). The negative (cold) temperature bias
of approximately �0.5 K from 900 to 450 hPa
at 0 h from the Cnv OSSE is corrected in the
CnvGEMS OSSE but returns to about �1.0 K
by 12 h (Fig. 7a, b). The mid tropospheric moist
bias on the order of 2.5 K remains relatively
unaffected by the assimilation of GEMS data
throughout the first 24 h of the forecast period
(Fig. 7d–f). As in June 2001, the corrections to
the vector wind bias in the CnvGEMS OSSE

were greatest at the analysis time (0 h).
Similar to June 2001, the assimilation of

GEMS data in the December 2001 CnvGEMS
OSSE substantially decreased the RMS differ-
ences of temperature, dew point, and vector wind
at all pressure levels from 0 to 24 h (Fig. 8). The
overall RMS differences of all parameters from 0
to 24 h were larger in December than June 2001
except in the upper troposphere (compare Fig. 6
with Fig. 8) although the percent improvements
were generally the same (not shown). The de-
crease in RMS differences between the Cnv
and CnvGEMS OSSE was most pronounced at
0 h above 800 hPa with changes as large as
0.8 K for temperature, 2.0 K for dew point, and
2.5 m s�1 for vector wind (Fig. 8a, d, g). By 24 h,
the impact of assimilating GEMS data was di-
minished but still evident in all vertical profiles
of RMS differences (Fig. 8c, f, i). The RMS

differences for the December 2001 Cnv and
CnvGEMS OSSEs remained nearly the same
after 24 h and were not statistically significant
beyond about 36 h (not shown), as lateral bound-
ary conditions began to dominate the model solu-
tion at these forecast times. The same pattern was
also evident in the June 2001 experiments except
the impact of changes to the initial conditions
remained statistically significant for 12 more
hours until about forecast hour 48. Essentially,
the forecast improvements from assimilating
GEMS data diminished more rapidly during
stronger flow regimes (typical of winter months).
This result is consistent with previous studies on
the impact of lateral boundary conditions in lim-
ited area modeling studies (Warner et al. 1997).

c) Sensitivity experiments
For brevity, results for the first 5 sensitivity
experiments (Exp) from June 2001 (Table 6)

are summarized without accompanying figures
in the sections that follow. The data thinning sen-
sitivity experiments were most important to esti-
mate the cost of manufacturing, deploying, and
retrieving data from each probe versus the num-
ber of probes required to produce forecast
impacts given the time and space scales of the
OSSE configuration in this study. Therefore, sen-
sitivity Exp 6 and 7 are discussed in more detail.

1) Sensitivity experiment 1 (no dew point)

Sensitivity Exp 1 included the same data as the
CnvGEMS OSSE but the GEMS moisture vari-
able was excluded from the DA cycle. The most
significant impact of excluding moisture data
was that dew point RMS differences were very
similar to those from the Cnv OSSE at all fore-
cast times and levels. Excluding dew point data
had no substantial impact on the temperature and
vector wind RMS differences.

2) Sensitivity experiment 2 (no wind)

Exp 2 included the same data as the CnvGEMS
OSSE but both the GEMS wind components
were withheld from the DA cycle. By excluding
wind data, the magnitude of the vector wind
differences degraded to that of the Cnv OSSE.
In addition, both the temperature and dew
point RMS differences increased by 0.5 K and
1.0 m s�1, respectively, in the lower to middle
troposphere for both the 12- and 24-h forecasts.
In fact, the temperature and dew point RMS dif-
ferences approached the magnitudes of the RMS

differences from the Cnv OSSE at 24 h. This
result indicates the importance of assimilating
wind data in order to obtain more accurate fore-
casts of both the wind and mass fields.

3) Sensitivity experiment 3 (instrument errors)

Exp 3 included the same GEMS and conven-
tional data as the CnvGEMS OSSE but added
random errors for temperature, dew point, and
winds as described in Sect. 2d. Introducing errors
caused little degradation in the temperature, dew
point and vector wind forecasts when compared
with the CnvGEMS OSSE.

4) Sensitivity experiment 4 (precipitation
scavenging)

For sensitivity Exp 4, the simulated GEMS data
were extracted from the ARPS nature run with
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probe precipitation scavenging activated in the
LPM, as described in Sect. 2b. The statistics
compiled from that run indicate that �19% of
the probes were scavenged by precipitation at
the end of 10 days over the ARPS 15-km domain.
Precipitation scavenging made little difference in
all of the statistics compared with the CnvGEMS
OSSE.

5) Sensitivity experiment 5 (reduced assimilation
frequency)

Sensitivity Exp 5 included the same GEMS and
conventional data as the CnvGEMS simulations,
but all simulated GEMS data were assimilated at
6-h instead of 3-h intervals. This experiment was
designed to test the sensitivity of the data as-
similation frequency. The RMS differences for
all variables did not show degradation for the
0- and 12-h forecasts when compared to the
CnvGEMS forecasts. The only notable exception
was �1.0 m s�1 increase in vector wind RMS dif-
ferences in the middle troposphere by the 24-h
forecasts when compared to the CnvGEMS fore-
casts. In addition, the vector wind differences in
the upper troposphere were 0.5 m s�1 higher by
24 h than those from the CnvGEMS forecasts.

6) Sensitivity experiments 6 and 7 (data
thinning)

Sensitivity Exp 6 included data from 10% of
the probes used in the CnvGEMS OSSE while
Exp 7 included data from just 1% of the probes.
These experiments were designed to test the
sensitivity of the data impact to the number of
probes and effective resolution of the assimilated
data. Including 10% of probe data in the DA cy-
cle did not substantially degrade the forecasts of
any parameters when comparing the RMS differ-
ences to the full data set used for the CnvGEMS
forecasts (dot-dot-dash versus dashed curves in
Fig. 9). Although there are statistically sig-
nificant differences between the CnvGEMS and
Exp 6 OSSEs at 0 h, they are less than 0.2 K for
temperature=dew point and 0.25 m s�1 for vector
wind. At later forecast times and levels, the
CnvGEMS and Exp 6 curves nearly overlay
one another suggesting that 10% of GEMS data
produced about the same impact on the forecasts
as measured by these statistics.

Including only 1% of the probes in the DA

cycle and subsequent forecasts degraded the

forecasts of temperature, dew point and vector
wind when comparing the RMS differences to
the full data set used for the CnvGEMS experi-
ment (dotted versus dashed curves in Fig. 9). For
all variables and forecast times, the RMS differ-
ences are significantly larger than the CnvGEMS
OSSE, but were still closer overall to those
from the CnvGEMS OSSE than the Cnv OSSE

(Fig. 9b, c, e, f, h, i). This result indicates that the
assimilation of even 1% of GEMS data did
reduce the vector wind RMS differences by
�1.0 m s�1 compared with the Cnv forecasts at
all levels and times (Fig. 9g–i).

In order to expand upon the analysis of results
from Exp 6 and 7, the nearest neighbor (NN)
distances between probes in a selected 50-hPa
layer (475–525 hPa) from the CnvGEMS (100%),
Exp 6 (10%), and Exp 7 (1%) OSSEs were com-
puted, averaged, and then plotted in Fig. 10. The
�25 hPa layer was chosen to highlight the aver-
age spacing of the observations used by the MM5
DA scheme at a given pressure level. Note that
the average probe spacing on day 5 within the
50-hPa layer increased from �25 km for the full
dataset to �90 km for 10% of the probes and
greater than 300 km for 1% of the probes (0000
UTC 15 June 2001; Fig. 10).

Previous studies focusing on data analysis
suggest that the optimum observation spacing
is 2 times the model grid spacing (Koch et al.
1983). Since the MM5 regional forecasts were
run at 30-km grid spacing, it was not advan-
tageous to have 100% of the probe data with
an average spacing of �25 km because that
value is substantially smaller than twice the

Fig. 10. Mean nearest neighbor distances for 100%,
10% and 1% of the probe data at the 500-hPa analysis
level over the ARPS 15-km domain shown in Fig. 1
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grid spacing (60 km). In effect, 100% of the
probe data over-sampled the scales of motion
that can be resolved using a model with 30-km
grid spacing. Exp 6, that included data from
only 10% of probes, produced only slight deg-
radations in RMS differences of temperature,
dew point and vector wind when the compared
with the full data set. This result is consistent
with the fact that 10% of probe data yielded
an average probe spacing of �90 km that was
closer to but still larger than twice the model
grid spacing. However, the RMS differences
from Exp 7 including only 1% of the probe data
approached those of the conventional simula-
tions (Cnv). For that experiment, the probe
spacing of �300 km was closer to the average
spacing of conventional upper air observations
which explains why the results were closer to
the Cnv forecasts. It is important to note, how-
ever, that given the grid spacing of current
operational regional models (�10 km), the full
suite of GEMS probes in the CnvGEMS OSSE

could have a maximum positive impact on fore-
cast accuracy with the proposed deployment
strategy.

4. Conclusions

This paper presented results from a series of
OSSEs designed to assess the impact of assimi-
lating data from a hypothetical network of in situ,
buoyant airborne probes on regional weather
analyses and forecasts (0–48 h) over the conti-
nental U.S. The probes are envisioned to be con-
stant density, super pressure balloons whose
mass, size, and cost will be reduced substantially
compared to present generation Lagrangian drift-
ers by leveraging current and projected advances
in micro and ultimately nanotechnology.

Large-scale deployment and dispersion of
GEMS probes were simulated using the ARPS

coupled with a LPM. The ARPS model was run
over a domain covering the Northern Hemisphere
for two 30-day periods from June and December
2001 to provide boundary conditions for a nested
grid, and simulate probe release from standard
surface stations during a summer and winter
weather regime. The OSSEs were conducted
using MM5 to assimilate simulated observations
of temperature, moisture, and wind from current
in situ surface, upper air, and aircraft platforms

as well as GEMS probes. The OSSEs were con-
figured to mimic an operational regional forecast
cycle by running 48-h forecasts with and without
simulated GEMS data for 29 consecutive initiali-
zation times at 6-h intervals between days 10
through 18 of the 30-day hemispheric simulation
periods.

Simulated satellite observations were not used
in any of the experiments. Since the regional
model runs were conducted primarily over da-
ta-rich land regions, including satellite data in
the OSSEs would likely have much less of an
impact than if such data were used over oceanic
regions. A future set of OSSEs using a global
modeling system (e.g., Atlas 1997; Lord et al.
1997) with capabilities to simulate a full suite
of in situ and remotely sensed data is needed to
assess the data impacts in greater detail and miti-
gate the impact of lateral boundary conditions
inherent with regional modeling.

The OSSEs demonstrated that the addition of
simulated GEMS observations had a significant
impact on improving the RMS differences in
temperature, dew point, and vector wind fore-
casts compared with the conventional simula-
tions. There were also statistically significant but
much smaller changes to the vertical profiles of
bias in the same parameters, indicating GEMS

DA had more effect on the forecast variance
associated with nonsystematic model errors
such as initial condition uncertainty. The largest
improvements during the early forecast period
reflect the fact that GEMS data had the most
impact on improving the model initial conditions
over an already data-rich region. Overall, the
forecast impacts were generally similar for both
the June and December OSSEs. Based on this
result, data impacts did not depend much on
the prevailing large-scale weather patterns that
were quite different between the June and
December 2001 cases (not shown). The only ex-
ception was that the positive impacts of GEMS

data for the December 2001 case diminished fas-
ter with time as stronger flow regimes allowed
the lateral boundary conditions to affect the inte-
rior of the domain more rapidly. It should be
noted that alternate configurations of the nudging
algorithm in MM5 or other data assimilation
schemes could yield different estimates for the
impact of GEMS observations in the OSSE

framework.
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A number of sensitivity experiments were con-
ducted including data thinning that used the same
deployment strategy but decreased the number of
probes in the network. The data thinning OSSE

produced very similar forecast impacts using on-
ly 10% of GEMS probe data included in the full
simulation. This finding is consistent with the
data versus grid spacing used for the OSSEs
and important for system practicality as well as
engineering trade studies involving probe and
system cost (Manobianco 2005). By varying the
deployment scenarios including level of neutral
buoyancy, the GEMS system could provide
four-dimensional observing capabilities spanning
a broad range of time and space scales. The
GEMS system would be ideal for targeted or
adaptive observational campaigns as part of re-
search and operational missions especially in da-
ta-sparse regions where it is only cost effective
and practical to obtain in situ, high-resolution
spatial and temporal measurements over limited
domains. Additional OSSEs could be performed
to assess the impact of GEMS data under a wide
variety of such conditions, such as tropical cy-
clone environments. Prototype development of
GEMS probes is currently underway so OSEs
using real data should be possible within one
year.
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