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Abstract Capabilities to directly assimilate radar radial velocity (V,) and reflectivity (Z) data are
implemented within the operational GSI data assimilation (DA) framework and coupled with the new
stand-alone regional (SAR) FV3 model. The effectiveness and performance of 3DVar, EnKF, and hybrid
En3DVar methods are evaluated with a storm cluster over the U.S. Central Plains at 3-km grid spacing.
During the DA cycles, 3DVar analyses show better fit to Z observations but fastest error growth, while EnKF
and pure En3DVar lead to smaller forecast errors. For V,, EnKF outperforms other methods in both analysis
and forecast. Good correspondence with tornado reports is obtained by most experiments for probabilistic
forecast of updraft helicity (UH), except for 3DVar which shows insufficient confidence in certain regions.
Overall, EnKF and hybrid En3DVar show best forecast skills in terms of composite reflectivity and UH. Tests
with more cases are needed to draw more general conclusions, however.

Plain Language Summary The Finite-Volume Cubed-Sphere Dynamical Core (FV3) was
chosen to serve as the single dynamical core for forecasts at all scale by the National Weather
Service in late 2016. A stand-alone regional (SAR) version of FV3 became available in early 2019 and is
planned to replace the current operational 3-km grid spacing High-Resolution Rapid Refresh (HRRR)
system for convection-allowing forecasting at NCEP. As a key component in convective-scale numerical
weather forecast (NWP) initialization, effective assimilation of radar data is crucial for desirable
performances of the upcoming SAR FV3 model. In this paper, direct radar data assimilation (DA)
capabilities implemented within the operational GSI DA framework by Center for Analysis and
Prediction of Storms (CAPS), distinguished from the indirect approach applied in current operational
HRRR to assimilate reflectivity data and believed to be more beneficial in particular for hydrometeor
analyses, are interfaced with SAR FV3 model and the performances of different DA methods
implemented are examined through the case study of a Central Plains tornadic storm cluster. Overall,
results show good improvement of the forecasts, in terms of evolution of storm structures and
occurrences of storm-related severe hazards, which greatly encourage acceleration of operational
adoption of such capabilities.

1. Introduction

Radar observations are indispensable for initializing convective-scale numerical weather prediction (NWP);
many studies have reported positive impact of radar data on short-range convection-allowing models
(CAMs) using various data assimilation (DA) methods. Radial velocity (V,) data are commonly assimilated
using three- or four-dimensional variational (3DVar or 4DVar, respectively) methods due to the relatively
straightforward observation operator of V, (e.g., Gao et al., 2004; Hu et al., 2006; Sun & Crook, 1997).
Direct assimilation of reflectivity (Z) data is more difficult with 3DVar/4DVar because of the dependency
of Z on multiple hydrometeor species and the high nonlinearity of its observation operator that can cause
a number of problems with variational minimization (Gao & Stensrud, 2012; Sun & Crook, 1997). Some of
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the earlier studies retrieve hydrometeor mixing ratios from reflectivity before assimilation, leading to indir-
ect assimilation of Z (e.g., Sun & Crook, 1997; Wang et al., 2013).

Gao and Stensrud (2012) modify the Z operator to alleviate the non-uniqueness problem within 3DVar
assimilation of Z. More recently, Liu et al. (2019) propose the use of temperature-dependent hydrome-
teor background error profiles to deal with the same problem. Alternative to the variational approach,
the ensemble Kalman filter (EnKF; Evensen, 1994) gained popularity in recent years thanks to its ability
to provide flow-dependent multivariate background error covariances (BECs) without requiring
the development of an adjoint model (e.g., Snyder & Zhang, 2003; Tong & Xue, 2005). Despite of its
many advantages, EnKF does suffer from rank deficiency of the ensemble BEC due to the
limited ensemble size that can be practically employed. A hybrid algorithm, first proposed by Hamill
and Snyder (2000), that utilizes a weighted average of ensemble flow-dependent and static BECs is
found to improve results over pure ensemble BEC (e.g., Buehner et al., 2010; Clayton et al., 2013).
The hybrid DA method was first applied to radar DA by, for example, Gao et al. (2013) and Kong
et al. (2018).

To more efficiently utilize developmental resources and mutually leverage efforts in NWP at different
scales, the prevailing trend is to develop and maintain a single DA and modeling framework and apply
it to NWP at an operational center ranging from convective through global weather and climate scales.
In late 2016, the GFDL Finite-Volume Cubed-Sphere Dynamical Core (FV3; Putman & Lin, 2007) was
chosen to serve as the single dynamical core for forecasts at all scale by the National Weather Service
(NWS). The global FV3 dynamic core was implemented into the operational Global Forecasting
System (GFS) at NCEP in 2019, while a stand-alone regional (SAR) version of FV3 became available
in early 2019. A Rapid Refresh Forecasting system based on SAR FV3 is to replace the current opera-
tional 3-km grid spacing High-Resolution Rapid Refresh (HRRR) system (Benjamin et al., 2016) for
convection-allowing forecasting. Currently, DA of HRRR uses the hybrid En3DVar method based on
GSI (Hu et al., 2017) but assimilates radar reflectivity using a semi-empirical cloud analysis/diabatic
initialization procedure (Benjamin et al., 2004; Weygandt & Benjamin, 2007). It is highly desirable to
assimilate radar data directly within the hybrid En3DVar framework, taking advantage of the
ensemble-derived flow-dependent covariances that are especially important for the analysis of hydrome-
teor state variables (Tong & Xue, 2005). Furthermore, coupling the hybrid GSI system with the newly
developed SAR FV3 and evaluating the performance of such a coupled system are needed toward future
operational implementation.

In this paper, we present results testing recently developed radar DA capabilities within the GSI framework
using EnKF and hybrid En3DVar algorithms when coupled with SAR FV3 model, using a convective storm
case that occurred over the Central Great Plains of the United States. While some of the DA capabilities were
tested with the WRF model first and the results are reported elsewhere, it is the first time that they are
coupled and evaluated with SAR FV3. Studies comparing different DA algorithms within the same DA fra-
mework for radar data are also relatively few (Kong et al., 2018) so far. The rest of this paper is organized as
follows. In section 2, the 30 April 2019 test case is briefly introduced. Section 3 provides details about the
data, model, and design of DA experiments. Results of the experiments are presented and evaluated in
section 4. Lastly, a summary is provided in section 5.

2. 30 April 2019 Case Overview

Beginning in the morning of 30 April 2019, a cluster of severe thunderstorms started developing along a NE-
SW-oriented stationary front passing through central Oklahoma. Around 1700 UTC, a number of tornadic
supercells were initiated ahead of the frontal boundary in a supercell supportive environment with the
mixed layer convective available potential energy (MLCAPE) exceeding 2,000 J kg™'. Other damages
inflicted by the storms include large hail and strong winds. The storm cluster and supercells continuously
moved northeastward and gradually grew upscale into a mesoscale convective system (MCS) in central
Oklahoma by 2300 UTC. Most tornadoes were spawned by supercells in northeast Oklahoma between
2000 and 2200 UTC before they merged into the convective line. Once the MCS formed, tornadoes were
reported mostly in southwest Missouri.
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3. Data, Model, and Experiment Design

The regional FV3 domain is centered on the Oklahoma state and consists of 450 x 450 grid points with
~3-km grid spacing in the horizontal (see Figure Sla) and 63 vertical layers extending up to ~1 hPa.
Model physics options include the Mellor-Yamada-Nakanishi-Niino (MYNN) planetary boundary layer
parameterization (Mellor & Yamada, 1982; Nakanishi & Niino, 2004, 2006), Thompson microphysics
scheme, and Noah land surface model. Forty ensemble forecasts are initialized at 1800 UTC 30 April 2019
from the Global Data Assimilation System (GDAS) EnKF analyses and forced at the lateral boundary by
the 6-hr forecasts. One-hour spin up forecasts are run before the first DA is performed at 1900 UTC and
the DA cycles end at 2000 UTC.

To evaluate the impact of radar data on the short-term forecasts using various DA algorithms, we designed
four experiments named after the DA method used: 3DVar, EnKF, pure ensemble 3DVar (pEn3DVar), and
hybrid ensemble 3DVar (hEn3DVar). pEn3DVar uses 100% flow-dependent BEC derived from ensemble
forecasts, and hEn3DVar uses 75% ensemble BEC as in the operational HRRR. An additional experiment,
which is a free forecast launched from the ensemble mean forecast at 1900 UTC, is named the control experi-
ment (CNTL) and serves as a reference. All DA experiments are performed using the GSI system. The
Multi-Radar Multi-Sensor (MRMS) 3D Z mosaic product at 33 height levels from 500 m to 19 km MSL
(Zhang et al., 2005) and level-II V, data from 30 WSR-88D radars are assimilated at 15-min intervals, while
conventional data including sounding, ship, aircraft, wind profiler, and surface observation are assimilated
at the first and last analysis cycles. Automatic velocity dealiasing (Brewster et al., 2005) is applied to V, data
prior to DA.

For EnKF, the Z observation operator after Jung et al. (2008, hereafter JZX08) is used to produce
Z observation priors consistent with the Thompson microphysics scheme. Prognostic variables updated
by EnKF include three wind components (u, v, and w), pressure (p), temperature (¢), specific humidity
(gv), mixing ratios of rainwater (gq,), cloud water (q.), cloud ice (gq;), snow (gy), graupel (gg), and the
total number concentration of rainwater (gq,,). In horizontal direction, covariance localization radii of
300 and 12 km are used for conventional and radar data, respectively. Vertically, length scales in a unit
of logarithmic p of 1.1 (conventional) and 0.7 (radar) are used. For radar DA, localization radii
ranging from 4 to 18 km, usually associated with couple times the grid spacing, are commonly used
(Potvin & Wicker, 2013; Snook et al., 2015); the use of such short radii limits analysis increments from
radar data within or close to the precipitation regions where the convective scale structures are
characterized.

For 3DVar and En3DVar, the adjoint of the Z operator for Thompson microphysics scheme is not yet
available; therefore, that for single-moment (SM) Lin scheme (Lin et al., 1983) is used. Linearization of
the nonlinear Z observation operator in variational DA often causes difficulties in the convergence of cost
function in the minimization process (Wang et al., 2013). To overcome these difficulties, logarithmic mix-
ing ratios of hydrometeors as the control variables (hereafter CVlogq) proposed by Carley (2012) is used.
With CVlogq, one outer loop with 50 inner loop iterations is found sufficient during the minimization of
cost function. A two-pass procedure is applied to assimilate conventional and radar observation using dif-
ferent decorrelation length scales (I) with the variational methods. The first pass assimilates conventional
data with I of 82 km and 0.3 (log p unit) in horizontal and vertical directions, respectively, to update
model state variables u, v, p, t, and q,. In the second pass, radar data are assimilated with considerably
shorter horizontal (vertical) [ of 3.29 km (0.2) and variables u, v, w, p, t, q,, g, g5, and gg (gc and g; for
En3DVar) are updated. The two-pass procedure is an alternative approach for realization of observation
type dependent localization radii, as utilized in Pan et al. (2014) and Zhu et al. (2013) for assimilating
conventional data using GSI. Note that the total number concentration of rainwater (g,,), a prognostic
variable in the Thompson scheme, is not updated; background values are used. The above localization
length scales are equivalent to those used in EnKF based on the e-folding distance relation (see equation
4 in Pan et al., 2014).

In all DA experiments, observation errors for V, and Z are set to 3 m s~ and 5 dBZ, respectively.

Temperature-dependent profiles of static background errors for hydrometeors (Liu et al., 2019) are used.
More details about the experiments are presented in Figure S1b and Table S1.
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4. Results of Experiments

4.1. Evaluation of Analyses

Artificial lateral boundary conditions (LBCs) often trigger numerical noise that propagates into the area of
interests in the limited area models (Baumhefner & Perkey, 1982). The current version of SAR FV3 does
not include a lateral boundary nudging zone which exuberates this problem. To avoid this issue, we perform
forecast evaluation in an inner domain consisting of 300 X 300 grid points covering most of storms that
caused weather hazards (see Figure Sla). For each DA experiment, the root mean square innovations
(RMSIs) are computed against Z and V, observations for analyses/forecasts during the 1-hr DA window
and shown in Figure 1. The RMSI for CNTL is also presented as a reference. The Z operator of JZX08 is used
to compute forecast Z for all experiments, while the corresponding Z operator used in DA is used to produce
analyzed Z for evaluating how well the analysis fits observations.

In Figure 1b, the 3DVar analyses fit the observed Z most closely throughout the entire DA period; this is pri-
marily because the static background error variances for the hydrometeor variables are specified and cannot
be too small. However, the error rapidly grows in forecast (Figure 1a), mainly because 3DVar cannot update
state variables not directly involved in the Z operator when assimilating Z, resulting in forecast RMSIs com-
parable to those of CNTL. Therefore, 3DVar loses the benefit of Z DA quickly. The RMSIs of hEn3DVar ana-
lyses are slightly higher than those of 3DVar, but the forecast error increases more slowly. The EnKF and
pEn3DVar show much larger analysis RMSIs of Z, but the error growth rates during forecast are much smal-
ler, indicating that the analyses of state variables are in better balance benefiting from the flow-dependent
error covariances. For EnKF, larger analysis RMSIs are mainly because of underestimation of Z intensity
in stratiform regions (Figure 2m). On the contrary, CVlogq used in pEn3DVar may cause overestimation
of analysis increments during the inverse log transformation (Liu et al., 2020) and lead to higher Z cores
(Figure 2j). The mismatch between Z operators based on the Thompson and Lin microphysics schemes used
during the forecast and DA, respectively, is another likely source of errors in the variational systems. Initial
positive bias in forecast reflectivity decreases quickly and stays low in EnKF, but all other experiments pre-
sent higher positive bias than CNTL (Figure 1c).

In terms of RMSIs of V, (Figures le and 1f), 3DVar exhibits noticeably larger errors than the other three
experiments throughout the DA window. EnKF outperforms pEn3DVar and hEn3DVar especially for fore-
cast RMSIs, but the differences are not as large as in Z. All DA experiments show smaller forecast bias in V.
than CNTL, but the magnitudes are smaller than 1 m st (Figure 1g).

4.2. Evaluation of Forecasts

Deterministic forecasts of the storms in terms of composite Z for different DA experiments are presented in
Figure 2 and verified against MRMS observations (Figures 2a-2c) for up to 4 hr. The EnKF forecast is
launched from the ensemble mean analysis at the final cycle.

During the first 2 hr into the forecast, the scattered storms in the western half of the verification domain gra-
dually organize into a quasi-linear convective line (QLCS) L1 (Figure 2b), which extends from eastern
Kansas to central Oklahoma. Among all experiments, only 3DVar exhibits significant reduction in storm
coverage within the first 15 min (not shown), especially in the stratiform regions in Kansas and Missouri.
Then, storms redevelop and recover most of the storm coverage by 0000 UTC. However, the leading convec-
tive line passing through Oklahoma in 3DVar is least organized throughout the entire forecast period com-
pared to other experiments. All experiments overforecast radar echoes in Texas in general. On the other
hand, another convection line L2 ahead of L1, which propagates slowly northeastward during this period,
is relatively well maintained in all experiments. Except for 3DVar, the storm structures from other experi-
ments in the 2-hr forecast are comparable.

By 0000 UTC, 4 hr into the forecast, convective line L1 forms a solid line while L2 appears as a broken line,
both oriented NE-SW across Oklahoma. In the meantime, storms are continuously initiated at the prefron-
tal convergence zone near north Texas border and then move northwest toward convective line L1 and even-
tually merge into the line. In terms of the structures of L1 and L2, EnKF performs better than other
experiments. L1 and L2 are slightly less organized in hEn3DVar and pEn3DVar, but overall, the predicted
structures of convective lines are reasonably good. However, the L1 propagates eastward noticeably slower
than observations. All experiments overpredict convective initiation in the northern Texas where individual
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Figure 1. Observation space diagnostic statistics during the assimilation period for experiments 3DVar, hEn3DVar, pEn3DVar, EnKF, and the referential CNTL
forecast. (a) Forecast and (b) analysis RMS innovation and (c) forecast and (d) analysis mean innovation for reflectivity. Panels (e), (f), (g), and (h) as in (a), (b), (c),
and (d), but for radial velocity. For reflectivity, calculations are limited to locations where observed or forecast/analysis Z exceeds 15 dBZ.

cells move northeast fast. Combined with a slower propagation speed of L1, overpredicted storms in
southeast Oklahoma and northern Texas develop into a north-south-oriented mesoscale convective line
instead of supercell storms shown in observations.

It should be pointed out that the predicted convective cores in all experiments are more scattered and less
organized than in observations. This can be attributed to the Thompson microphysics scheme used; the
scheme takes into account the mixing ratio and median volume diameter of supercooled water when diag-
nosing graupel intercept parameter. This often leads to overestimation of reflectivity for graupel in the
updraft above the freezing level (Johnson et al., 2016). Similar findings are also indicated in Skinner
et al. (2018).

Equitable threat score (ETS) is the matrix that is most commonly used for precipitation-related forecast per-
formance evaluation. Following Clark et al. (2010), we compute neighborhood-based ETSs for composite Z
with a ~42-km radius (Figure 3a), which is consistent with the Storm Prediction Center (SPC) forecast pro-
ducts. The 25-dBZ threshold is applied to account for all precipitation exceeding light rain. This also prevents
clear air from dominating the scores. Overall, there are distinct differences among the forecasts. Throughout
the entire 4-hr forecast, EnKF generally produces the highest ETSs, while 3DVar scores the lowest almost
throughout. hEn3DVar scores lower than both EnKF and pEn3DVar in the first hour and then gets very
close to EnKF beyond 1 hr. The score of pEn3DVar falls below those of EnKF and hEn3DVar to be close
to 3DVar after 3.5 hr. The low skill of 3DVar forecast is most likely due to the delayed rebuilding or misfor-
ecast of some major storms which is particularly significant in the early stage of the forecast. The scores of
3DVar and hEn3DVar show quick drop in the first 15 min, which is not seen in EnKF and pEn3DVar; such
a behavior is most likely related to the use of inconsistent Z operator and the lack of cross-variable updating
associated with the static BEC. The relatively poor performance of pEn3DVar after 2.5 hr is related to the
significant increase in false alarm rate and decrease in hit rate (refer to Figure S2) in its forecast. Overall,
EnKF and hEn3DVar show higher sustained ETS scores.

Contingency table-based verification indices including bias, probability of detection (POD), false alarm ratio
(FAR), and critical success index (CSI) at 4 forecast hours are presented in a performance diagram
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(Roebber, 2009) in Figure 3b. The grouping of CSI generally matches the ETS results, indicating again the
lowest (highest) performance of 3DVar (EnKF and hEn3DVar) for 4 verification hours. For almost all fore-
cast lengths, pEn3DVar shows the greatest POD, followed by hEn3DVar and EnKF, which are very closely
comparable especially from hour 2. In terms of the bias score (as divided by the diagonal dashed line), over-
forecasting is seen to increase with forecast length for all experiments and appears to be greatest with
pEn3DVar. The findings in these quantitative matrices are generally consistent with earlier subjective eva-
luations based on Figure 2.

Lastly, severe storm prediction is examined in terms of the neighborhood probability (NP) of the 4-hr
maximum 2- to 5-km updraft helicity (UH) shown in Figure 4. The probability fields are first generated
with a UH threshold of 75 m™ s™2 and a ~42-km neighborhood radius and then smoothed with a
two-dimensional Gaussian filter (Brooks et al., 1998) with a ~81-km o (Gaussian kernel). General corre-
spondence is found between high NP and SPC severe weather reports. Certain location displacement,
however, is presented in different DA experiments. Specifically, 3DVar (Figure 4a) exhibits a more mar-
ginal probability in forecasting the tornadoes near southwest Oklahoma border compared to other experi-
ments. Generally speaking, the NP forecast of hEn3DVar (Figure 4b) appears to have the best match with
the major group of reported events near the four state corners, and it shows the largest area of NP > 80%.
For both hEn3DVr and pEn3DVar, all observed tornadoes occurred within regions with NP > 50%. The
most extensive distribution of NP > 30% in pEn3DVar (Figure 4c) can be linked to its greatest overfore-
cast tendency.

Additionally, performance of the 40-member ensemble forecasts from EnKF is evaluated in terms of the
neighborhood ensemble probability (NEP) (Schwartz et al., 2010) and is presented in Figure 4d. Overall,
all observed tornadoes except for one occurred within regions with NEP > 50%. However, given the addi-
tional dispersion among ensemble members, a lower peak in probability is found compared to the NP
derived from single deterministic forecasts of other experiments (Figures 4a-4c). Nevertheless, the NEP
of EnKF appears to be more discriminative than some of the other experiments.

5. Summary

Capabilities developed by CAPS to directly assimilate radar data in the GSI EnKF and En3DVar systems
are interfaced with the new SAR FV3 model and evaluated with a tornado-spawning storm cluster
over the Central Plains at ~3-km grid spacing; this effort aims to accelerate the adoption of more
advanced DA methods for next-generation FV3-based operational regional forecasting systems.
One-hour frequent cycling analysis is performed. Radar reflectivity and radial velocity data are assimi-
lated every 15 min over a 1-hr DA window, while conventional data are assimilated hourly. Four DA
experiments that use GSI 3DVar, EnKF, pure En3DVar (pEn3DVar), and hybrid En3DVar with
75% ensemble covariance (hEn3DVar) are conducted, with model physics similar to the operational
HRRR system.

Results show that direct assimilation of radar data, regardless the methods used, significantly improves
both analyses and forecasts during the 1-hr DA window, in terms of the RMSIs of both Z and V,
compared to the no-DA control forecast. Among all DA experiments, 3DVar and hEn3DVar produce
significantly better fit of analyses to Z observations, while EnKF and pEn3DVar produce smaller
forecast error growth rates between analysis cycles. The larger forecast error growth in 3DVar is
most likely due to the lack of analysis updating to state variables not directly involved in the Z
observation operator. In terms of V, RMSI, 3DVar shows distinctly worst analyses and forecasts,
while differences among other three experiments are relatively insignificant. Overall, within the DA
window, EnKF produces the best fit to V, observations in analyses and the smallest forecast error
growth rate.

Forecasts up to 4 hr for the DA experiments are further examined. Subjective evaluation of the forecast storm
evolutions and the quantitative ETS verifications of composite reflectivity together suggest superior perfor-
mance of EnKF and pEn3DVar within the first 15-min forecast, given their better storm maintenance and
increasing ETS. This suggests the value of flow-dependent BEC derived from the ensemble. Beyond the first
hour, EnKF and hEn3DVar produce the best reflectivity forecasts. In terms of the performance diagram,
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pEn3DVar shows the highest POD and also the highest positive bias, while the performances of EnKF and
hEn3DVar are similar and all much better than 3DVar.

Lastly, severe weather prediction skill is evaluated in terms of the NP of 4-hr maximum 2- to 5-km UH. All
DA experiments produce high NP (>50%) over a cluster of severe weather reports near the northeast corner
of Oklahoma with hEn3DVar producing the largest high NP (>80%) area. Several severe weather reports
near southwestern Oklahoma are also captured by EnKF, hEn3DVar, and pEn3DVar. Overall, the NP of
hEn3DVar matches the severe weather distribution the best. The ensemble NP from EnKF has generally
smaller value due to additional ensemble smoothing. In summary, this study demonstrates, for the first time
according to our knowledge, positive impacts of directly assimilating radar data using GSI-based advanced
DA methods on SAR FV3 model forecasts. This helps accelerate operational adoption of such capabilities.

Finally, we point out that while important, understanding the algorithm differences and their relative per-
formance is not the primary goal of this paper; achieving such a goal requires more comprehensive experi-
ments, more detailed analyses, and full length papers, as in, for example, Kong et al. (2018) and Pan
et al. (2014; for conventional data). Given that the relative performances of the different DA algorithms
observed in this paper, while mostly agreeing with expectations, are based on a single case, the robustness
of the conclusions requires tests with more cases and performance statistics over larger samples. Such eva-
luations should be carried out in future studies.

Data Availability Statement
Reflectivity data used in this study are available online (ftp://ftp.caps.ou.edu/ctong_2020_grl).
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