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ABSTRACT
The effects of precipitable water vapor (PWV) retrievals from the Southern California Integrated GPS
Network (SCIGN) on quantitative precipitation forecast (QPF) skill are examined over two flood-prone
regions of Southern California: Santa Barbara (SB) and Ventura County (VC). Two sets of QPFs are made,
one using the initial water vapor field from the NCEP 40-km Eta initial analysis, and another in which the
initial Eta water vapor field is modified by incorporating the PWV data from the SCIGN receivers. Lateral
boundary data for the QPFs, as well as the hydrostatic component of the GPS zenith delay data, are
estimated from the Eta analysis. Case studies of a winter storm on 2 February during the 1997/98 El Niño,
and storms leading up to the La Conchita, California, landslide on 10 January 2005, show notably improved
QPFs for the first 3–6 h with the addition of GPS PWV data. For a total of 47 winter storm forecasts
between February 1998 and January 2005 the average absolute QPF improvement is small; however, QPF
improvements exceed 5 mm in several underpredicted rainfall events, with GPS data also improving most
cases with overpredicted rainfall. The GPS improvements are most significant (above or near the 2 level)
when the low-level winds off the coast of Southern California are from the southern (SW to SE) quadrant.
To extend the useful forecast skill enhancement beyond six hours, however, additional sources of water
vapor data over broader areas of the adjacent Pacific Ocean are needed.

1. Introduction
Flash floods and wild fires are the two leading
weather-related natural disasters in Southern California. Of the 10 highest 24-h rainfall totals in California,
all 10 have occurred in Southern California during winter. Heavy rainfall events, in conjunction with steep
terrain slopes and the formation of hydrophobic soil
layers due to wild fires near the beginning of the wet
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season, enhance the chances of flash floods in Southern
California. This has made quantitative precipitation
forecast (QPF) and streamflow forecasting among the
most important tasks for the National Weather Service
Office (NWSO)–Los Angeles and Ventura County Watershed Protection District (VCWPD), respectively, for
supporting the emergency response agencies in the region.
The QPFs and streamflow forecasts at these agencies
have been experiencing difficulties due to a lack of fineresolution precipitation data needed to resolve significant spatial structures in rainfall associated with extreme variations in local terrain. In an attempt to im-
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prove flood forecasting, in particular finescale QPFs
and streamflow forecasts for the mountainous Santa
Barbara and Ventura County watersheds, the NWSO
and VCWPD, in collaboration with the authors at the
University of California, Los Angeles, (UCLA) and the
Jet Propulsion Laboratory/California Institute of Technology (JPL) have developed the Integrated Regional
Forecast System (IRFS). The IRFS is composed of a
regional numerical weather prediction (NWP) model
running typically at sub-10-km resolution, and a watershed-hydrology model nested within operational NWP
data provided by the National Centers for Environmental Prediction (NCEP). Initial tests of the system
showed that one of the keys for improving short-term
QPF is accurate initial atmospheric water vapor fields
for the regional NWP model (Marcus et al. 2004). The
work described here is directed toward application of
GPS precipitable water vapor (PWV) retrievals to the
IRFS.
For the regional NWP produced by the IRFS, the
water vapor fields as well as other atmospheric variables needed for initialization and time-dependent lateral boundary conditions are obtained from operational
40-km-resolution Eta forecast data at NCEP. Water vapor fields in these data, both initial analyses and forecasts, often suffer from inaccuracies due to a lack of
local observations and incomplete NWP model physics,
especially over oceans where the water vapor fields are
almost entirely generated by the model. It has been
found that, although the fine spatial resolution of the
IRFS generally improves QPFs in Southern California
compared to those based on operational NWP data
used to drive the regional forecasts, the amount of water vapor in operational NWP data is often underestimated during heavy rainfall periods and in turn limits
the QPF improvements by the IRFS (Marcus et al.
2005). Hence, accurate local water vapor observations,
in addition to fine spatial NWP model resolution, are
crucial for improving QPFs and streamflow forecasts
for the region. Despite its importance, local water vapor data from conventional observations are severely
limited because of a lack of radiosonde stations in the
region, particularly over the adjacent Pacific Ocean.
The dense GPS array in Southern California, in particular the Southern California Integrated GPS Network (SCIGN), can provide high-quality atmospheric
water vapor data necessary for improving the accuracy
of the initial water vapor fields for the IRFS-based regional forecasts. The phase delay of L-band (⬃19 cm)
radio signals, propagating from the GPS satellite constellation to ground-based receivers, provides information on the water vapor content of the intervening atmosphere. Since the GPS wavelength is much longer
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than typical drop sizes, the PWV retrieval is not significantly affected by the presence of clouds and/or rain,
making it ideal for the investigation of water vapor
variations and the prediction of rainfall during storm
events. De Pondeca and Zou (2001) found that inclusion of GPS zenith delay data into model initialization
showed a positive, although small, impact on rainfall
forecasts in Los Angeles County. Gutman et al. (2004)
report that addition of GPS PWV resulted in improvements in 3-h relative humidity forecasts for a part of the
central United States, especially during the cold season,
despite the fact that this region is one of the most conventional data-rich regions in the world. Kuo (2006)
showed that GPS PWV is useful for improving atmospheric water vapor analysis and short-term precipitation forecasts. Nakamura et al. (2004), however, found
that inclusion of PWV retrievals from the dense GPS
network in Japan had an almost neutral impact on rainfall forecasts. Taken together, these studies show that
the impact of additional GPS-retrieved water vapor
data on NWP varies according to region and season.
Hence, the application of GPS PWV to a regional forecast system needs careful benchmarking for each region
to which the system is applied.
In what follows, section 2 describes the datasets,
models and procedures used to evaluate the effect of
GPS retrievals on QPF in Southern California, section
3 presents results from case studies of GPS impact on
QPF during heavy precipitation events in February
1998 and January 2005, and statistics from an ensemble
of 47 winter storm cases spanning February 1998–
January 2005 are analyzed in section 4. Section 5 provides a discussion of our results and conclusions from
our study.

2. Experimental design
The Southern California basin is extensively covered
by stationary ground sites that track GPS–constellation
radio signals continuously in time. The transmission delay between the satellites and a ground station is sensitive to the water vapor content along the ray path
(e.g., Foster et al. 2000). Typically, the transmission delay at each ground station is reported as a total zenith
delay (TZD), or the effective delay directly overhead
from the station, which is computed by combination of
a number (at least four) of delay values along slant ray
paths assuming isotropic atmospheric conditions (BarSever et al. 1998). The advantages of using TZD to
estimate PWV include its all-weather capability, high
temporal resolution (approximately 5 min, with some
data voids), its concentration over land areas where
other satellite water vapor retrievals are difficult, and
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FIG. 1. Map of GPS networks in coastal Southern California as
of November 2006, from the Web site of the Scripps Orbit and
Permanent Array Center, University of California, San Diego.
SCIGN receivers are shown by dark squares, and those of the
California Real-Time Network (CRTN) are shown by gray diamonds; additional networks are indicated by other symbols. Lat–
lon grid lines are shown at 2° intervals, with center of map
(marked by plus sign inside square) located at 33.8°N, 118.8°W.

remarkable stability of the retrieved phase delays to
sensor drift and calibration (Haines and Bar-Sever
1998). SCIGN covers the region of our interest, and
stations in other GPS networks, such as the International GNSS Service (IGS), supplement these. By November 2006 there were over 300 regional GPS stations
as a result of recent rapid growth in these networks
(Fig. 1; updated maps can be viewed online at http://
sopac.ucsd.edu/maps). During our study period the
number of regional GPS sites was more limited, growing from fewer than 50 stations in February 1998, to
about 225 in March 2001; in January 2005 nearly 250
stations were available to provide TZD time series.

a. Derivation of PWV from GPS zenith delay
To compute PWV from the TZD, surface pressure
and temperature are needed to separate hydrostatic delay (due to the total mass of the atmospheric column)
and wet delay (due to the permanent dipole moment of
the moisture within the column) from the TZD. The
estimated hydrostatic delay is subtracted from the TZD
data to yield the wet delay, which is nearly proportional
to PWV (Bevis et al. 1992). There are only a limited
number of GPS sites equipped with “met packs” (e.g.,
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on the order of 10 sites within the SCIGN) that can
provide surface pressure and temperature data. We
have instead estimated these surface values using the
40-km Eta model initial analysis by cubic spline fitting
over the horizontal and exponential interpolation along
the vertical axes, respectively. Where the met pack data
are available, we have found reasonably close agreement between the hydrostatic delay values obtained using the Eta analysis and the values computed using the
met pack measurements. Specifically, the PWV value is
more sensitive to the surface pressure than temperature, where the former needs to be evaluated with an
accuracy of 5 mb to give 1-cm accuracy in the wet delay
that varies typically by 10–30 cm during a frontal passage (Bevis et al. 1992). Our comparison of Eta-based
surface pressure values against the met pack counterparts shows a mean bias of less than 2 mb and a rootmean-square (RMS) error of less than 1 mb.
Figure 2 compares the GPS PWV time series at two
near-coastal stations in our region of interest (the Harvest oil platform off Cape Conception and the city of
Long Beach) against coincident PWV values interpolated spatially from the 40-km Eta analysis during the
first week of February 1998. It shows that a key advantage of the GPS data is their shorter sampling period
(15 min) that can resolve finer-scale features of the
water vapor field that are not captured by the 12-hourly
Eta data; in addition, Eta analyses often underestimate
PWV substantially during heavy rainfall periods.

b. Model initialization procedures
The PWV retrievals thus obtained over the GPS stations are used to update the Eta PWV values; to maximize efficiency for operational applications a standard
2D objective analysis technique is used (Barnes 1964).
The gridded Eta PWV values are first interpolated
horizontally to the location of each GPS receiver by
cubic spline, and a PWV anomaly is computed at that
location. Since the vertical water vapor distribution is
not known a priori, there is no convenient way to systematically scale the PWV with altitude between
nearby grid points, so we did not include an elevation
correction in the grid–GPS interpolation of the PWV
values. In regions of elevated topography, the modeled
and observed PWV, and hence its anomaly, will be relatively small, so we do not expect such locations to have
a dominant effect on our analysis. In the second step,
the anomaly PWV values computed at the GPS sites
are horizontally interpolated back to the grid locations
using a Gaussian-weighted influence function with an
e-folding length scale of 50 km; this is somewhat larger
than the typical separation of GPS receivers in the
SCIGN array, and was found to produce PWV fields
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FIG. 2. PWV time series (solid lines) from near-coastal GPS receivers at (left) Harvest
Platform and (right) Long Beach are compared with Eta initial fields (open circles) for 1–8
Feb 1998. Units are equivalent to millimeters.

with an appropriate degree of smoothness for model
initialization when added to the Eta-specified background. In the final step, the updated PWV values are
distributed along the vertical grid points using the
method of Kuo et al. (1993), which scales the background water vapor profile to match the vertically integrated amount to the given PWV value.
In the control experiments (CTL hereinafter), the
initial and boundary data are obtained from the 40-km
Eta analysis. To evaluate the impact of GPS PWV data
on the regional QPF, we also conduct sensitivity experiments (GPS hereafter) where the 3D water vapor field
in the initial condition is updated by the GPS TZD data
as outlined above. Note that the only difference between the two experiments is their corresponding initial
water vapor field. As Fig. 2 shows, there are many instances where the GPS and Eta PWV values are fairly
close; thus, a given station value, by chance, may have
little contribution in differentiating the CTL and GPS
experiments.

c. Model description
The Mesoscale Atmospheric Simulation (MAS)
model (Soong and Kim 1996; Kim 2005) interactively
coupled with the NCEP–Oregon State University–Air
Force Weather Agency–Office of Hydrology (Noah)
land surface scheme (Kim and Ek 1995; Chang et al.
1999) is used in this study. The MAS model is a primitive equation, limited-area atmospheric model written
on the  coordinates in the vertical (Soong and Kim
1996). The advection equations are solved using the
finite-difference scheme of Takacs (1985) that is characterized by minimal phase errors and numerical dispersion. A 4-class version of the bulk microphysics
scheme of Cho et al. (1989) has been used to compute
the precipitation in this study. Atmospheric radiative
transfer is computed using the ␦-2/4-stream Fu–Liou
scheme (Fu and Liou 1993; Gu et al. 2003). A 4-layer
version of the Noah land surface model (Kim and Ek
1995) is coupled with MAS to compute the land surface

processes. Noah predicts the soil moisture content and
soil temperature within model soil layers, as well as
canopy-water content and snow-water equivalence.
The temperature and specific humidity for calculating
the surface sensible and latent heat fluxes, outgoing
longwave radiation, and ground heat fluxes are calculated by iteratively solving a nonlinear form of the surface energy balance equation. For more details of the
MAS and Noah models, see Mahrt and Pan (1984), Pan
and Mahrt (1987), Kim and Ek (1995), and Soong and
Kim (1996).
The experimental domain (shown in Fig. 3) covers
Southern California with a 50 ⫻ 40 grid nest at a 9-km
resolution in the horizontal, and 24 atmospheric and 4
soil layers in the vertical. The control (CTL) simulations are initialized using only the NCEP Eta initial
analysis fields at 40-km horizontal resolution. The sensitivity (GPS) runs are initialized in the same way as the
CTL run except that the initial water vapor fields are
obtained by combining the PWV data from the SCIGN
GPS array with that from the NCEP Eta initial data as
described above. Both sets of simulations are driven by
the same lateral boundary forcing obtained from the
Eta initial fields. Hence, the CTL and GPS runs differ
only in their initial water vapor fields.

3. Case studies
a. El Niño storm of February 1998
On 2–3 February 1998, one of the strongest storms of
the “El Niño” winter impacted the Southern California
coast, causing extensive damage because of high winds
and flooding, which resulted in landslides and coastal
erosion. Figure 3 shows the initial PWV distribution at
0000 UTC 2 February 1998, as interpolated from the
Eta initial analysis at the corresponding time. Note that
the Eta water vapor field is characterized by weak horizontal gradients over the ocean, indicating a lack of
detailed information on water vapor fluctuations offshore. As described by Neiman et al. (2004), however,

Unauthenticated | Downloaded 01/09/23 02:42 AM UTC

1832

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

FIG. 3. Distribution of PWV (mm) as determined from the Eta
analysis for the experimental domain at 0000 UTC 2 Feb 1998.
Areas with PWV greater than 20 mm are shaded; dotted line
signifies lon 120°W.

the approaching storm had a rich offshore mesoscale
frontal structure, with alongshore moisture gradients
(see below) not detected by the Eta analysis. Here we
examine the impact of GPS data, used to estimate PWV
amounts at receivers of the SCIGN array, on short-term
(up to 12 h) forecasts of rainfall amounts on 2 February

VOLUME 46

1998. We also investigate the period over which the
QPF is influenced by the additional GPS PWV data,
using airflow trajectory analysis from the model runs.
The filled circles in Fig. 4a represent the locations of
the GPS receivers used for the case study forecast, with
the PWV value for 0000 UTC 2 February 1998 indicated by the color scale. A strong northwest–southeast
gradient in the offshore column water vapor is evident,
which is not captured by the Eta analysis. Over the
land, the areas of lowest PWV coincide with elevated
topography, reflecting the higher concentration of water vapor in the planetary boundary layer (PBL). Figure 4b shows how the increased column values of water
vapor at Point Conception (northernmost coastal station in Fig. 4a) are vertically distributed in the model.
The highest concentrations are found in the PBL, extending to an altitude of about 600 m.
Figure 5 shows (in both panels) the change in the
initial PWV distribution at 0000 UTC 2 February 1998
due to the addition of the GPS PWV data. A positive
anomaly appears around Point Conception, extending
along the coast and reaching its greatest southward extent in the vicinity of the San Nicolas Island receiver.
Some enhancement in water vapor is also seen over the
more heavily instrumented area of the SCIGN receivers in the Los Angeles basin. Hatched lines show the
simulated trajectories of neutrally buoyant tracers re-

FIG. 4. (a) Values of precipitable water vapor (mm) retrieved from the SCIGN array at 0000 UTC 2 Feb 1998. Data from San Nicolas
Island receiver are particularly useful for SB–VC QPF during southerly flow events; location of La Conchita landslide (10 Jan 2005)
is also indicated. (b) Vertical profiles of water vapor mixing ratios at Point Conception, from the Eta analysis (left curve) and as
corrected by the GPS analysis (right curve).
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FIG. 6. Change (mm) in the 6-h QPF initialized at 0000 UTC 2
Feb 1998, due to the addition of GPS PWV data. Areas with QPF
increase larger than 3 mm are shaded; dotted line identifies lon
120°W.

FIG. 5. (a) The PWV differences (mm) between the Eta-only
and the Eta ⫹ GPS at 0000 UTC 2 Feb 1998, and the precipitation
verification boxes SB and VC used in this study (dotted line identifies lon 120°W). Also shown are trajectories computed by the
model for neutrally buoyant parcels released at 0000 UTC 2 Feb
1998 at an altitude of 300 m above sea level, with tick marks every
30 min. (b) Same as in (a), but instead for parcels released at an
altitude of 700 m.

leased at 300 m and 700 m above sea level (upper and
lower panels, respectively) at 0000 UTC 2 February
1998, with cross marks indicating the positions reached
at half-hourly intervals. As is typical for Southern California rain events the trajectories move onshore from a
southerly or southwesterly direction (Nezlin and Stein
2005), so that information from coastal and/or island
stations is critical for improving knowledge of upstream
water vapor conditions.
Figure 6 shows the increase in the forecasted 6-h cumulative precipitation due to the incorporation of GPS
data, in relation to the verification boxes situated over
Santa Barbara (SB; left-hand box) and Ventura County

(VC; right-hand box). Both verification areas are located on the southern slopes of the Transverse Range
(west–east zone of elevated topography seen in Fig. 4a),
and hence are vulnerable to flooding due to local orographic precipitation, especially during the southerly
flow regime that characterized the case study period.
The largest simulated QPF increase is located over the
SB box, reflecting the large PWV anomalies detected in
the vicinity of nearby Point Conception. Because of the
impact of the PWV data, the GPS predicted cumulative
precipitation in the SB box closely follows the observed
for the first few hours after initialization, while the CTL
run largely fails to predict the observed SB rainfall (Fig.
7a). Because of the rapid advection of the GPS-detected water vapor through the coastal zone (Fig. 5),
however, the beneficial effects of the additional GPS
data last for only a few hours, with subsequent large
amounts of observed precipitation not forecasted in the
0000 UTC-initialized runs.
For the more easterly VC box, which is less directly
influenced by the large PWV anomaly at Point Conception, the proportionate QPF differences between
the GPS and CTL forecasts are not as large, although
the GPS QPF tracks the observed cumulative precipitation quite closely for the first four hours (Fig. 7b). As
for the SB forecast, however, the subsequent large observed precipitation for the VC box is not captured by the model runs. Nevertheless, it is interesting
to note that the QPF enhancement for the GPS forecast continues to increase for up to 6 h after initialization, reflecting the greater southerly extent of the GPSdetected PWV anomaly in the vicinity of the San Nico-
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FIG. 7. (a) Cumulative observed hourly rainfall for the Santa Barbara region (Obs) compared with GPS- and Eta-only QPFs initialized at 0000 UTC 2 Feb 1998. (b) Same as in (a),
but for the Ventura County region.

las island receiver, located almost directly upstream of
the VC box in the 300-m wind field (Fig. 5).
Thus while the GPS-sensed PWV improved the precipitation forecast for the 0000 UTC 2 February 1998
case, the benefits are of a limited duration since the
forecast time span affected by the GPS data is restricted
by the spatial coverage of the receivers in the region.
The low-level particle trajectory analysis (Fig. 5) shows
that the initial water vapor fields affected by the additional PWV data pass through the SB and VC forecast
areas in 3–6 h from the initial time. Because of the
onshore trajectories that prevailed during this event,
receivers located over coastal and island stations were
the principal means for detecting the upstream PWV
anomalies that led to the successful forecast improvements. As will be seen in the following, however, additional water vapor data over the eastern Pacific region,
incorporating more extensive island-based receiver network and/or satellite retrievals, will be crucial for increasing the useful forecast lead time over the heavily
populated coastal strip of Southern California.

the landslide, both the SB and VC 3- and 6-h QPFs
showed substantial improvements with addition of GPS
PWV data (Fig. 9—note that this is not a continuous
record, since the QPFs were initialized only at 12hourly intervals). The hourly precipitation for La Conchita, taken from Eta-only and Eta ⫹ GPS forecasts
initialized at 1200 UTC 10 January 2005, are compared
with observed hourly totals in Fig. 10. The GPSinitialized forecast produces an improved hourly precipitation record when compared with the CTL case,
although both QPFs far underestimate the observed
rainfall amounts (divided here by a factor of 5 for visualization purposes). It is also noteworthy that the
GPS QPF maximizes 1 h earlier than both the observed
precipitation and the Eta-only forecast, indicating that
the impact of GPS-derived PWV on the simulated rainfall was too brief to capture the magnitude or timing of
the 10 January storm that may have been the immedi-

b. La Conchita storms of 7–10 January 2005
During the July 2004–June 2005 rainfall season,
Southern California experienced one of its wettest winters on record, with Los Angeles recording its secondhighest annual rainfall (37.25 inches compared with an
average of 15.14 inches) and over 8 inches of rain in
each of the consecutive months December 2004–
February 2005. On 10 January 2005, after several days
of local heavy rainfall (Fig. 8), the small coastal community of La Conchita, California, located between the
SB and VC boxes, experienced a shallow but fastmoving landslide that destroyed several homes and
caused 10 fatalities. During the three days preceding

FIG. 8. Hourly rainfall for the La Conchita area (located on the
coast between SB and VC) for the four days preceding the 10 Jan
2005 landslide.
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FIG. 9. GPS improvements to the Santa Barbara (SB) and Ventura County (VC) 3- and 6-h QPFs leading up to the La Conchita
landslide on 10 Jan 2005.

ate trigger for the landslide (Jibson 2005). The results of
this comparison serve to underscore the conclusion
from the El Niño case study, which showed that the
addition of GPS PWV data from coastal/island stations
can impact regional QPFs in the coastal zone for only a
few hours.

4. Evaluation of ensemble statistics
To test the robustness of the conclusions reached for
the case studies presented above, we compare the results of an ensemble of 47 GPS and CTL forecasts,
made for winter storm events during the interval February 1998–January 2005, for the SB and VC regions.
Each forecast was initialized at either 0000 UTC or
1200 UTC, with the cumulative 3- and 6-h QPFs archived for comparison with concurrent observations,
thus allowing for some degree of statistical independence between successive forecasts. The cases examined are shown in Table 1 (these include the case studies mentioned above).
The mean QPFs and corresponding observations and
bias estimates are given in the Table 2. For the winter
storm cases chosen for this study the model forecasts
capture an average of only about 30% (40%) of the SB
(VC) observed precipitation, although the QPFs overestimated rainfall in a significant fraction (22%) of the
cases. For the 3-h forecasts the GPS retrievals increase
the predicted rainfall by about 8% (6%) for the SB
(VC) region, while for the 6-h forecasts the average
GPS-initialized rainfall shows a slight decrease of about
1% (3%) from the CTL QPFs for these regions.
To separate the effects of the low bias of the model
QPFs from that of adding GPS PWV retrievals to the
initial water vapor fields, we investigated the variance

FIG. 10. Hourly Eta-only (long-dashed line) and Eta ⫹ GPS
(solid line) QPFs for the La Conchita area, initialized at 1200
UTC 10 Jan 2005. Observed precipitation (short-dashed line, divided by a factor of 5 for ease of visualization), and time of the
landslide are also shown.

explained by both CTL and GPS forecasts, allowing for
an arbitrary QPF gain factor for each category of forecast. The mean QPF for each category, as well as for the
observed precipitation, was subtracted from the data
before performing the calculation. The results (Fig. 11)
show that, for all four categories considered, the GPS
forecasts explain more of the observed precipitation
variance than the CTL cases for a unit scale factor (i.e.,
no gain applied), and also explain a greater maximum
variance for arbitrary gain. Similar results are obtained
when the means were not subtracted prior to computing variance, although the maximum explained variance then occurs for higher amplification factors (not
shown). These results show that the GPS retrievals provide robust albeit moderate benefits to the 3- and 6-h
QPFs for the SB and VC regions, reflecting added skill
that is not simply due to changes in the mean level of
forecasted precipitation.
For the 40 cases in which the CTL forecast overestimated the observed precipitation, in fact, the GPSTABLE 1. Time periods of the 47 winter storm cases examined
in this study for the SB and VC regions.
No. of
cases

Period
1200
0000
0000
0000
0000
1200
1200
1200
1200

UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC
UTC

1 Feb 1998–1200 UTC 3 Feb 1998
22 Feb 1998–1200 UTC 24 Feb 1998
4 Mar 2001–0000 UTC 7 Mar 2001
11 Feb 2003–1200 UTC 12 Feb 2003
12 Nov 2003–1200 UTC 12 Nov 2003
26 Dec 2004–1200 UTC 29 Dec 2004
30 Dec 2004–1200 UTC 31 Dec 2004
2 Jan 2005–1200 UTC 4 Jan 2005
7 Jan 2005–0000 UTC 11 Jan 2005

5
6
7
4
2
7
3
5
8
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TABLE 2. Average 3- and 6-h QPFs (mm) for SB and VC regions, along with corresponding ALERT rain gauge–measured
precipitation, for the 47 winter storm cases. Percentage values of
the QPFs in terms of observed rainfall, as well as fractional QPF
change due to incorporation of GPS PWV data, are also shown.
QPF

CTL

GPS

Obs

CTL/Obs

GPS/Obs

GPS/CTL

SB 3-h
VC 3-h
SB 6-h
VC 6-h

2.23
3.45
4.65
7.26

2.48
3.64
4.61
7.06

7.29
9.20
15.50
17.75

30.6%
37.5%
30.0%
40.9%

33.1%
39.6%
29.7%
39.8%

1.08
1.06
0.99
0.97

initialized QPF was more accurate 25 times (62.5%),
while for the 138 cases in which the CTL forecast underestimated the observed precipitation, GPS was
more accurate 78 times (56.5%; note that cases with
equal CTL and GPS QPFs were omitted from this calculation). Thus, the GPS forecasts exhibit skill in decreasing overpredicted precipitation, as well as increasing underpredicted amounts.
To examine the skill of the GPS forecasts in more
detail, we computed the improvement (i.e., the reduc-
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tion in the absolute QPF error) due to incorporation of
GPS data for each of the 47 cases, with no amplification
factor applied (upper portion of Table 3). The normalized improvements, defined as the average improvement divided by the standard deviation () as estimated
from the 47 values for each category, are shown in the
last column of Table 3. Note that all 4 of the regional
categories show positive improvements for the GPSinitialized cases, although the average effect is small,
with the 3-h forecasts generally showing a larger GPS
effect. Combining the QPFs from the 2 regions into
94-case ensembles (middle portion of Table 3) gives the
same average improvement; however the larger number of cases in each ensemble leads to higher statistical
confidence, with the combined 3-h QPFs showing improvement significant at the 92.5% (1.83) level.
A subjective examination of the wind fields for the 47
cases showed that the largest improvements were generally found for PBL (300 m) wind directions from the
southern quadrant (i.e., between SW and SE). For the
26 SB and VC cases (a total of 52) that met this criterion, the average 3- and 6-h QPF improvements were

FIG. 11. (a) Fractional variance of observed precipitation for the Santa Barbara region
explained by Eta-only and Eta ⫹ GPS 3-h QPFs over the 47 cases, for gain factors of 1.0–3.0
multiplying the model forecasts. (b) Same as in (a), but rather for the Ventura County region.
(c) Same as in (a), but for 6-h QPFs. (d) Same as in (b), but for 6-h QPFs. Note that mean
values were removed from each 47-case ensemble before computing the explained variance.
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TABLE 3. GPS improvements to the model QPFs. Values are
shown for the 47-case regional SB and VC ensembles, as well as
for the combined 94-case ensembles and for the 52-case subensembles characterized by low-level winds from the southern (SW–
SE) quadrant.
Mean GPS
improvement
Regional QPFs (47 cases each)
SB 3-h
0.30 mm
SB 6-h
0.15 mm
VC 3-h
0.34 mm
VC 6-h
0.24 mm
Combined QPFs (94 cases each)
3-h
0.32 mm
6-h
0.19 mm
Southerly QPFs (52 cases each)
3-h
0.60 mm
6-h
0.69 mm

Normalized
improvement
1.28
0.48
1.31
0.67
1.83
0.82
2.21
1.98

larger than those for the unrestricted ensemble by factors of 1.9 and 3.6, respectively, with the 6-h QPF improvement actually exceeding the 3-h value for these
cases (lower portion of Table 3). As seen for the case
study wind fields shown in Fig. 5, forecasts for southerly
flow may benefit from a larger upstream area of GPS
PWV retrievals provided by the island receivers (in particular San Nicolas), which can significantly lengthen
the useful QPF lead time for the SB–VC area. It is also
noteworthy that in spite of the smaller number of cases,
the southerly flow ensemble showed average 3- and 6-h
QPF improvements that were statistically significant
above or near the 2 level.
Figure 12 shows histograms of GPS improvements
for the combined 94-case ensemble (left panel) and for
the 52-case southerly wind subensemble (right panel).
Although the average QPF improvement is less than 1
mm (see Table 3), a substantial number of cases show
improvements of over 5 mm. For the full 94-case ensemble the 6-h GPS-initialized QPFs show increasing
divergence from the 3-h forecasts (seen as a larger horizontal spread and lower maximum value of the dashed
relative to the solid line), as initial differences are magnified by nonlinear effects. For the 52-case southerly
ensemble, however, this “diffusion” effect is smaller, as
the greater upstream extent of the receiver array provides longer lead time and higher predictability for the
GPS-initialized QPFs.
Figure 13 shows the normalized improvement in QPF
skill due to incorporation of the GPS data, for forecast
durations of 1–6 h. For the individual regions statistical
significance is achieved only for the first hour QPF,
which is subject to spinup problems in both the CTL
and GPS runs (see, e.g., Fig. 7). As noted above, the
combined ensemble of 94 cases maintains statistically

significant improvement for nearly the first 3 h, with
average skill dropping to low levels (less than 1 ) after
4 h. However, the QPF improvements for the combined
subensemble of 52 cases with southerly winds at 300 m
maintains normalized improvements near the 2 level
for the first 6 h, with the average skill level dropping
sharply for longer forecasts (not shown). These results
emphasize the importance of PWV retrievals from the
island GPS stations, in particular San Nicolas, which
provides data nearly 150 km upstream of the verification areas, for the southerly flows that bring moist
tropical air into the SB–VC region during heavy rainfall
events.

5. Discussion and conclusions
This study is intended to evaluate the potential for
GPS-retrieved PWV to enhance the QPF capability in
Southern California, particularly as related to natural
hazard mitigation associated with flash flooding and
landslides in the Santa Barbara (SB) and Ventura
County (VC) areas targeted primarily by the IRFSbased NWP. Our results show that GPS does beneficially impact model-generated QPFs, with a greater
fraction of the variance of observed precipitation explained for all four of the major forecast categories
considered (SB and VC regions, for 3- and 6-h QPF),
compared to CTL forecasts run with Eta-only initial
water vapor conditions. On average the QPF benefits
for the SB/VC area are rather small (less than 1 mm),
although the additional GPS PWV data resulted in notable improvements during some heavy rainfall events,
such as the El Niño storm of 2 February 1998 and the
7–10 January 2005 storms leading up to the La Conchita
landslide. For many of the winter storm cases selected
for this study, the model runs capture only a fraction
(less than 40%) of the observed rainfall, emphasizing
the difficulty of quantitative precipitation forecasting in
regions of complex terrain (e.g., Roe 2005). It was interesting to note, however, that GPS-initialized forecasts showed skill in decreasing overpredicted precipitation (improving 25 out of 40 such cases) as well as
increasing underpredicted amounts (78 out of 138
cases, not counting equal amounts).
For the El Niño (2 February 1998) storm that we
examined in more detail, the combination of strong
PWV anomalies and a southwesterly flow field led to
GPS QPF improvement of several millimeters for both
the SB and VC regions, for the first 4 h following initialization at 0000 UTC 2 February 1998. A trajectory
analysis showed that GPS retrievals from coastal and
island stations provide most of the mesoscale PWV
data that enhances the model QPFs. However, since
these stations are located within 150 km of the verifi-
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FIG. 12. (a) Histogram of improvements provided by the 94 GPS-initialized forecasts (relative to the Eta-initialized forecasts) for the combined SB and VC regions (negative improvement signifies greater absolute error for the GPS QPF). (b) Same as in (a), but for the 52 cases
with 300-m winds from the southern quadrant (SW–SE). Note difference in vertical scales
between the two panels; mean values of the improvements are given in last four rows of Table 3.

cation areas, the lead time during which the GPS data
can influence the forecast is restricted to about 6 h or
less. A similar situation prevailed for model forecasts
for the La Conchita area (located on the coast between
the SB and VC boxes) initialized at 1200 UTC 10 January 2005, a few hours in advance of the heavy precipitation that appears to have triggered the landslide that
occurred later that day (Jibson 2005). Although the
GPS QPF captured slightly more rainfall than the CTL
forecast, the differences lasted for only a few hours
after initialization, with the GPS rainfall peaking an
hour before both the CTL QPF and the observed precipitation. The results of these case studies show that
while GPS data can substantially benefit regional
QPFs, more extensive PWV retrievals from a broader
upstream area are required to fully capture the timing
and magnitude of strong rainfall events in the SB–VC
region.
The overall forecast skill, defined as the average absolute reduction in QPF error with the incorporation of
GPS data, is positive for all four 47-case regional forecast categories considered; by combining the 3-h SB
and VC QPFs into one 94-case ensemble, improvement
significant at the 92.5% (1.83 level) was attained. For
the 52-case subensemble featuring southerly quadrant
winds at the 300-m level the benefits are more robust,
with both the average 3- and 6-h GPS QPF improvements being statistically significant above or near the
2 level. The improved results for the southerly flow
cases indicate that the GPS island receivers provide
valuable PWV data for regional QPF associated with
strong moisture advection from the subtropics, which
improves the model NWP for orographic precipitation
in the heavily populated coastal strip located on the
southern flank of the west–east Transverse Range in

Santa Barbara and Ventura Counties. The useful forecast lead time, however, is limited to no more than 6 h,
since the furthest offshore receiver (San Nicolas) is located less than 150 km from the coastline. Clearly, the
addition of PWV retrievals from satellite sensors, such
as Atmospheric Infrared Sounder (AIRS) and Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E) onboard the Aqua platform,
has the potential to provide water vapor data further
upstream over the eastern Pacific and thus lengthen the
useful QPF period. The combination of the satellite
data, which cover a broader upstream area but are
available only twice a day, with the more spatially limited but temporally intensive GPS PWV retrievals, of-

FIG. 13. Normalized improvement in average QPF skill (see
text) due to the addition of GPS PWV data derived from the
SCIGN array, for forecast durations of 1–6 h. Results are shown
for the SB and VC regions, as well as for an ensemble combining
both regions and a combined subensemble characterized by lowlevel (300 m) winds from the southerly (SW–SE) quadrant.
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fers a good opportunity to maximize benefits from
complementary sources of data. The forthcoming availability of GPS TZD from the California Real Time
Network (CRTN, a subset of SCIGN; Genrich and
Bock 2006) in near–real time, in conjunction with satellite-observed water vapor data, can help to realize
these benefits for operational systems in the not-toodistant future.
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