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LONG-TERM GOALS 
 
The final goal of this project is to provide the US Navy with an increased capability of using Doppler 
radar observations in the detection and prediction of hazardous weather events that usually have a 
strong randomness in nature and affect the Navy operations, especially over oceans and in remote 
areas. By developing a high-resolution data assimilation capability that can effectively assimilate 
Doppler radar observations along with other conventional and remotely-sensed data, the US Navy will 
have the ability to analyze and forecast the battlespace atmospheric conditions with sufficient detail 
and accuracy for supporting the Navy mission in threat detection, weapons deployment, and weather 
safe operations.  
 
OBJECTIVES 
 
The objective of the study is to develop an advanced ensemble-based radar data assimilation system 
for the US Navy and to address some critical scientific and technique issues associated with ensemble 
radar data assimilation. The radar data system that will be developed will use flow-dependent 
background error covariance (instead of the static background error covariance) to account for the 
complexity and rapid change in the dynamical and microphysical structures inside and outside storms. 
The system will assimilate all the observed variables from different types of sensors, including 
Doppler radars, satellites, UASs, and conventional meteorological observations, simultaneously to 
allow full interactions among the assimilated variables during the data assimilation to keep the 
balances among the dynamics, thermodynamics and microphysics in the model initial fields. The 
system will be able to use the observations from many types of radars on different platforms (WSR-
88D, DoD meteorological radars and tactical radars both on-land and shipboard, etc.) with an 
appropriate quality control. Multi-scale data assimilation capability will also be one of the major 
features of the new radar data assimilation system that allows observational data at different scales to 
be assimilated concurrently to ensure the scale balance in the ensemble analyses.   
 
APPROACH 

 
The ensemble Kalman filter (EnKF, Evensen 1994) recently developed at NRL (Zhang et al. 2006, 
2009; Zhao et al. 2013) will be the major tool for this study. All the radar data processing and quality 
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control systems previously developed at NRL will be extended to cover the ensemble-based data 
assimilation and integrated into the EnKF for radar data decoding, pre-processing, quality control, bias 
removal, and observational error estimation. The proposed ensemble radar data assimilation system 
will assimilate the raw Doppler radial velocity observations directly in the observational space. This 
will help to reduce the errors induced during the pre-retrieval and interpolation of wind vectors. A data 
thinning algorithm will also be developed for radar observations to reduce the data density (especially 
near the radar locations) and hence the data dependency before assimilation. In the last few years, 
NRL, NSSL and OU have jointly developed a data thinning algorithm for Doppler radial velocity. This 
algorithm will be further refined and used in the proposed ensemble radar data assimilation system. 
The NRL 3D Radar Mosaic will serve as the reflectivity data thinning algorithm. 

 
The forward radar observation operators previously developed at NRL for the 3d/3.5d-Var will be 
adapted for estimating the radar observations in observational space from ensemble forecasts. For 
storm-scale data assimilation, one of the biggest challenges is the missing storms in the background 
fields so that there are no estimated radar observations available at observation locations for the data 
assimilation. The use of ensemble forecasts as the background should have some advantages over the 
use of a single deterministic forecast in this aspect. Appropriate ensemble spread that covers all the 
uncertainties of the model forecasts is critical.  

 
Localization is a necessary step in all ensemble-based data assimilation systems to account for the 
insufficient ensemble size due to the lack of computational power. The length scale of the localization 
is a very sensitive parameter that affects the ensemble analyses. The assimilation of storm-scale data 
along with the large- and synoptic-scale observations makes this challenging issue even much more 
challenging. In this study, we will develop an observation-adaptive, variable-dependent, multi-scale 
localization algorithm. This algorithm will use a multiple-localization procedure and determine the 
localization scale based on observational data type, the control variable, and the statistics of the 
observational and background errors.  
 
New algorithms will be developed that incorporate the dynamical and physical constraints from the 
variational methods into the EnKF to improve initial balance among the model fields and to reduce the 
spurious background error covariance outside observed storms caused by the zero/non-zero boundaries 
along the storm edges due to ensemble perturbations in storm location forecasts. The new hybrid 
technique will be built in the EnKF and should be computationally more efficient than the traditional 
hybrid data assimilation approach (that runs two systems in parallel), and is therefore more suitable for 
non-conventional, storm-scale sensor data assimilation.  
 
WORK COMPLETED 
 
In FY14, this project worked in two major areas. The first part collaborated closely with the 6.4 
COAMPS-OS® (sponsored by PMW-120) on further improving, testing and transitioning the 
variational radar data assimilation system previously developed at NRL to the Fleet Numerical 
Meteorology and Oceanography Center (FNMOC) for operations. Progress has been made in real-time 
shipboard radar data acquisition, the 3DVAR radar reflectivity data assimilation transition to FNMOC, 
and the testing and finalization of the 3.5DVAR radar wind data assimilation system at NRL for 
transition to FNMOC. The second part of the project focused on developing new and advanced 
ensemble radar data assimilation techniques for nowcasting to improve the Navy’s capability in using 
the ensemble tool in rapid battlespace environment assessment. Scientific research was conducted that 
resulted in some interesting scientific findings and new developments. 
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1. Efforts for acquisition of real-time shipboard radar observations to FNMOC for data assimilation 
into COAMPS-OS continued. The Hazardous Weather Detection and Display Capability 
(HWDDC) technique developed at the Space and Naval Warfare Systems Command (SPAWAR) 
passively taps into the shipboard SPS-48E Air Control Doppler radar signal and creates volumetric 
weather radar data stored in Universal Format (UF) files. The data provide three-dimensional 
observations of storms over oceans that can hardly be measured by conventional meteorological 
networks. Through very close cooperation and coordination between NRL radar data team and the 
ships, SPAWAR and FNMOC, several technical barriers were overcome and the HWDDC radar 
observations from several ships have been processed, compressed and transferred to FNMOC in 
real-time for assimilation into COAMPS-OS with a time latency of less than 5 minutes. More real-
time HWDDC data from other ships are expected to be available at FNMOC in the coming years.  

 
2. In a combined effort with the 6.4 COAMPS-OS project and also in collaboration with FNMOC, 

the variational radar reflectivity data assimilation system developed few years ago by NRL 
scientists (Zhao et al. 2008) has been transitioned to FNMOC for operation through COAMPS-OS 
version 2.4.3. Operational check (OPCheck) and operational test (OPTest) of the system were 
conducted at FNMOC with real-time data from both shipboard SPS-48 HWDDC air defense radars 
and the WSR-88D radars at coastal locations. The tests with WSR-88D radar data were performed 
in 2014 with three separate domains over US, each with two or three nested grids. In addition, the 
system was also under test at NRL for opportunities of further improvement. Software specially for 
evaluating radar data assimilation performance was developed at NRL and is being transitioned to 
FNMOC.  

 
3. The 3.5DVAR Doppler radial velocity data assimilation system originally developed by Xu et al. 

(1995) for storm wind retrieval from Doppler radar observations and later on implemented at NRL 
for COAMPS® radar wind data assimilation (Zhao et al. 2006, 2008; Zhao and Jin 2008; Xu et al. 
2010) was further improved and tested at NRL to enhance the system’s efficiency for operational 
applications. The 3.5DVAR radar wind data assimilation system was modified to account for the 
the frequent changes in model domain, radar locations, as well as the number of radars within the 
interest area associated with moving shipboard radar systems. The improved system has the 
capability of dynamical re-configuration to accommodate the frequent changes in model and data 
and also to reduce the memory size requirement for operational applications.  
 

4. A new hybrid technique was developed for the NRL ensemble radar data assimilation system. The 
method incorporates the dynamical and physical constraints from the variational data assimilation 
techniques into the NRL EnKF to improve the dynamical and physical balances among the model 
state variables of the ensemble analyses that are used to initialize the ensemble forecasts. This 
hybrid approach is especially important for radar data assimilation since it provides extra 
information source, in addition to the background fields, to the complete retrievals of the 
atmospheric state (the three-dimensional winds and microphysical structures) from the incomplete 
measurement of atmospheric parameters  provided by radar observations (i.e. the Doppler radial 
velocity, which is the projection of the atmospheric 3D wind vector, and the radar reflectivity, 
which is a measurement of the atmospheric hydrometeors inside a small volume covered by the 
radar beam). Unlike the traditional hybrid data assimilation method that runs two systems in 
parallel, this simplified approach incorporates some components of the variational method into the 
EnKF and hence significantly reduces the computational cost, and therefore is suitable for radar 
data assimilation and rapid environment assessment. 

COAMPS® and COAMPS-OS® are registered trademarks of the Naval Research Laboratory 
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5. A time-expanded sampling (TES) method, originally developed for ensemble-based filters (Xu et 
al. 2008a, 2008b) to improve the effectiveness and efficiency of ensemble data assimilation and 
subsequent forecast with limited ensemble size, was integrated into NRL ensemble radar data 
assimilation system. This approach samples a series of (preferably three) perturbed state vectors 
from each prediction run in an ensemble of forecasts at properly selected time levels in the vicinity 
of the analysis time. As all the sampled state vectors are used to construct the ensemble and 
compute the covariance (with localization), the number of required prediction runs and associated 
computation cost can be greatly reduced. If the sampling time interval is properly selected, the 
proposed approach can improve the ensemble spread and enrich the spread structures so that the 
filter can perform well even though the number of forecasts is greatly reduced. The method was 
tested at NRL with conventional and satellite data first and then applied to radar observations. 
Experiments are performed for a period of several days with a continuous update cycles. This 
development created a new approach in utilizing the advanced ensemble tool in rapid environment 
assessment applications when the ensemble size cannot be sufficiently large due to operational 
constraints in situations where a time-critical environment assessment is needed with limited 
computational resources. Experimental studies with NRL EnKF and COAMPS model 
demonstrated the effectiveness and usefulness of the TES method for ensemble radar data 
assimilation for nowcasting. 
 

6. With the TES technique in place, an ensemble rapid environment assessment (EREA) data 
assimilation procedure was developed and tested. The initial step was to assimilate radar 
observations and all other types of observational data available into COAMPS with the EnKF 
every 3 hours and launch the model forecast for 6 hours at each update cycle. The procedure is 
currently under test.  

 
RESULTS 
 
The unclassified OPTest of the transitioned 3DVAR radar reflectivity data assimilation system at 
FNMOC was conducted in several areas over US coastal regions with real-time radar observations 
from the WSR-88D network. Figure 1 shows an example of storm analysis from the 3DVAR radar 
reflectivity data assimilation for a recent storm case at 1200 UTC 23 September 2014 from the 
VACAPE test domain on the East coast. In Fig. 1, (a) is the background of radar reflectivity (in dBZ) 
calculated from model previous forecasts, (b) is the radar reflectivity analysis after the data 
assimilation, and (c) is the observed radar displayed on the COAMPS-OS 15 km grid. Apparently, the 
radar reflectivity data assimilation notably improved the orientation and structures of storms along and 
right off the Carolina’s coastline. The storms far away from the coastline were not covered by the radar 
observations and the 3DVAR kept the model fields unchanged. Figure 2 gives the subsequent storm 
forecasts at 1, 2, and 3 hours [(a), (b), and (c)], respectively, and the radar observations at the forecast 
valid times are also given [(d), (e), and (f)] for comparison. The strong storms in the areas near the 
South and North Carolinas border were well predicted, both in location and structure, by the model 
initialized with the radar data assimilation. It should be pointed out again that the WSR-88D radar 
network did not cover the storms too far away into the ocean, and as a result the radar data assimilation 
had no impact on these storms. This example further demonstrates the capability of the COAMPS-OS 
for accurate storm prediction with the radar data assimilation.  
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Figure 1. (a) Composite radar reflectivity (dBZ) from COAMPS-OS  forecast on the 15 km grid of 
the VACAPE test domain used as background for radar reflectivity data assimilation at 1200 UTC 

23 September 2014. (b) Composite radar reflectivity after the data assimilation. (c) Composite radar 
reflectivity from the WSR-88D network analyzed to the same model grid. The difference between (a) 

and (b) reflects the impact of the radar data assimilation. 
 
 
The TES technique previously developed for ensemble-based filters and currently implemented into 
NRL ensemble radar data assimilation system was completely studied and well tested with NRL EnKF 
and COAMPS. Some interesting findings came out from these studies that help us to explain why the 
TES method can improve the ensemble forecasts without increasing the ensemble size. One of the 
major findings is that a model-predicted field at a time level before or after the analysis time may 
better present the true field than the one at the analysis time due to the frequently observed phase errors 
in the model forecasts. By multiple samplings of the model forecasts as the background fields before, 
at and after the analysis time, the model forecast errors may be better presented, which may help to 
improve the estimation of the background error covariance when the ensemble size is not sufficiently 
large (due to either time or computational resource restrictions) for such a statistic calculation. To 
verify this, correlations between two time levels of model forecasts were calculated for each of the 
model state variables. Figure 3a gives an example of the calculated non-correlation (define by 1-ρ, 

(a) (b) 

(c) 
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where ρ is correlation) field of the horizontal wind component, u, between the forecast hours of 9 and 
12 (the analysis time) at the model vertical level of z = 7800 m, and Fig. 3b shows the same field but 
between the forecast hours of 12 and 15. It is seen that areas of large non-correlation (with non-
correlation > 50 percent) between the two time levels of the model forecasts for the wind variable exist 
in Eastern US and over the Northern Rocky Mountains. Further study reveals that in these two areas, 
the atmosphere was dynamically active with synoptic-scale and mesoscale storm systems moving in 
and out. By contrast, the Central US was controlled by a large surface high pressure system and the 
model forecasts between the two time levels there are well correlated (with non-correlation < 40 
percent). Figure 4 displays the differences of ensemble spreads of temperature (colored areas) and 
horizontal winds (contours) at the analysis time between the ensemble analyses with and without TES 
technique at the same vertical level as in Fig. 3. Apparently, the increases in the ensemble spreads of 
both temperature and winds by the TES technique are mainly within the areas with large non-
correlations, indicating that in the areas with dynamically active atmospheric conditions, the storm 
forecast errors are large and cannot be completely presented by the previous forecasts at the analysis 
time only. The extra error information from the multiple time-level samplings by the TES technique 
improves ensemble spreads and hence the coverage of the model forecast uncertainty without 
increasing the ensemble size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Composite radar reflectivity (dBZ) from the COAMPS-OS 1 hour (a), 2 hour (b), and 3 
hour (c) forecasts initialized with the radar reflectivity data assimilation at 1200 UTC 23 September 

2014 on the 15 km grid of the VACAPE test domain. (d), (e), and (f) are the composite radar 
reflectivity observations from the WSR-88D network analyzed to the same grid for comparison at the 

forecast valid times. 
 

(a) (b) (c) 

(d) (e) (f) 
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The improved representation in model forecast error statistics by the TES technique led to improved 
ensemble analyses and forecasts. Figure 5 shows the biases of the ensemble analyses from the EnKF, 
with and without the TES technique, for model state variables of temperature (T), water vapor mixing 
ration (qv), and horizontal wind speeds (u, v) averaged over a 6-day period starting at 1200 UTC 23 
June 2005, during which the ensemble analyses and forecasts were continuously cycled every 12 
hours. The left column is from the 45 km model grid while central and right columns are from the 15 
km and 5 km model grids, respectively. The biases from the EnKF analyses with TES overall are 
smaller than those from the EnKF without TES. The reduction in biases is especially notable at the 5 
km grid. Figure 6 displays the root-mean-square (RMS) errors of the ensemble analyses from the same 
experiments, for the same state variables and averaged over the same experimental period. Obviously, 
the ensemble analyses errors from the EnKF were significantly reduced by the TES technique. Figure 7 
gives the RMS errors of the subsequent ensemble forecasts, again from the same experiments, for the 
same state variables and averaged over the same experimental period. The upper panel is for the 45 km 
grid, middle for 15 km, and lower for 5 km. As expected, the improved ensemble analyses by TES 
resulted in improved ensemble forecasts. The improvements lasted for the whole 72 forecast hours. 
Furthermore, the improvements in the ensemble analyses and forecasts by TES look very similar 
among the three model grids of 45 km, 15 km, and 5 km, implying that the TES technique acts 
similarly at different model grid resolutions and hence can be basically applied to all types of sensor 
data that cover storm-scale, mesoscale and synoptic scale. It also should be pointed out that the 
increase in computational cost by the TES technique is marginal, usually less than 5 to 10 percent of 
the entire computational cost for both the ensemble analyses and forecasts. Studies (not shown) also 
found that the ensemble analyses and forecasts from TES had accuracies usually close to those from 
the EnKF without TES but with an ensemble size of three-time larger. That means that the TES has the 
potential to reduce the computational cost by a factor of 2 to 3 without losing the forecast accuracy, 
which makes it very suitable for nowcasting and rapid environment assessment applications.  
 
IMPACT/APPLICATIONS 
 
The radar data assimilation systems developed at NRL will enable the US Navy to utilize the three-
dimensional, high-resolution, frequently-observed storm information from shipboard tactical radars as 
well as from the land-based meteorological radars in coastal regions to early detect and accurately 
predict high-impact weather events that affect Navy’s operations and weapon systems. The 3DVAR 
radar reflectivity data assimilation system transitioned to FNMOC for operation has demonstrated its 
capability in assimilating the real-time storm observations from the shipboard SPS-48/HWDDC air 
defense radars for improving COAMPS-OS’s capability and accuracy in storm forecasts.  The 
3.5DVAR radar wind data assimilation system currently tested at NRL for transition to FNMOC will 
add new capability to the Navy in using the Doppler radial velocity data from the shipboard SPY-
1/TEP phased-array radars to enhance the storm structure and intensity prediction. The ensemble radar 
data assimilation system recently developed at NRL with many advanced techniques, including the 
flow-dependent background error covariance, the multi-scale localization, the simplified hybrid 
approach, and the time-expanded sampling technique, will significantly enhance the system’s 
capability in maximizing storm information retrieval from radar observations and optimally using the 
storm information for rapid battlespace environment assessment.   
 
TRANSITIONS 
 
NRL 3DVAR radar reflectivity data assimilation was transitioned to FNMOC. 
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RELATED PROJECTS 
 

6.4 COAMPS-OS (PMW-120). 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Non-correlation (in percent) of the horizontal wind component u between the  

forecast hours of 9 and 12 (a) and 12 and 15 (b) from the previous ensemble forecasts used as 
background fields for the EnKF data assimilation with TES technique at 1200 UTC 23  

June 2005. The contour indicate areas with non-correlation larger than 50 percent. This is at the 
model vertical level of z=7800 m. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Increases in ensemble spreads of temperature (colored areas, degree) and horizontal wind 

speed (contours, contour interval is 1 ms
-1

, dashed contours are negative values) of the EnKF 
analyses by the TES technique at the same model vertical level as in Fig. 3. 

 
 
 
 
 

(a) (b) 
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Figure 5. Vertical profiles of biases from the EnKF analyses of  T (degree),  qv (gkg

-1
), u (ms

-1
), and 

v (ms
-1

) from the experiments without (red cures) and  with  (blue curves) TES averaged over the 6-
day period starting at 1200 UTC 23 June 2005 verified every 12 hours against rawinsondes. 

Ensemble means from each experiment with 10 ensemble members were used in the verification. 
Left column is from the 45 km grid, central column is from the 15 km grid, and right  column is 

from the 5 km grid. 
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Figure 6. Same as Fig. 5 except for RMS errors. 
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Figure 7. RMS errors of the COAMPS forecasts of T (degree),  qv (gkg

-1
), u (ms

-1
), and v (ms-1)  as a 

function of forecast hours initialized with the EnKF analyses without (red cures) and with  (blue 
curves) TES averaged over the 6-day period starting at 1200 UTC 23 June 2005 verified every 12 

hours against rawinsondes. Ensemble means from each experiment with 10 ensemble members were 
used in the verification. Upper panel is from the 45 km grid, middle panel is from the 15 km grid, 

and lower panel is from the 5 km grid. 
 
PUBLICATIONS 
 
Zhao., Q., F. Zhang, T. Holt, C. Bishop, and Q. Xu, 2013: Development of a mesoscale ensemble data 

assimilation system at the Naval Research Laboratory. Wea. And Forecasting, 28, 1322-1336. 

Zhao, Q., Q. Xu, Y. Jin, J. McLay, and C. Reynolds, 2014: Time-expanded sampling for ensemble-
based data assimilation applied to conventional and satellite observations. Submitted to Wea. and 
Forecasting. 



12 
 

2013 NRL Review, 2014: In “Highlights of NRL Research in 2012”, Improved Tactical-Scale 
Forecasting by Assimilating Operational Navy Shipboard Radar Through-the-Sensor Data with 
COAMPS, Naval Research Laboratory, Washington, D.C., 29. 

 
REFERENCES 
 
Evensen, G., 1994: Sequential data assimilation with a nonlinear quasi-geostrophic model using Monte 

Carlo methods to forecast error statistics. J. Geophys. Res., 99 (C5), 10143–10162. 

Zhang, F., Z. Meng, and A. Aksoy, 2006: Tests of an ensemble Kalman filter for mesoscale and 
regional-scale data assimilation. Part I: Perfect model experiments. Mon. Wea. Rev., 134, 722–
736. 

——, Y. Weng, J. Sippel, Z. Meng, and C. Bishop, 2009: Cloudresolving hurricane initialization and 
prediction through assimilation of Doppler radar observations with an ensemble Kalman filter. 
Mon. Wea. Rev., 137, 2105–2125. 

Xu, Q., C. J. Qiu, and J. X. Yu, 1995: Simple adjoint retrievals of microburst winds from single-
Doppler radar data. Mon. Wea. Rev., 123, 1822-1833. 

, L. Wei, W. Gu, J. Gong, and Q. Zhao, 2010: A 3.5-dimensional Variational Method for Doppler 
Radar Data Assimilation and Its Application to Phased-Array Radar Observations. Advances in 
Meteorology, vol. 2010, Article ID 797265, 14 pages. doi:10.1155/2010/797265. 

, L. Wei, H. Lu, C. Qiu, and Q. Zhao, 2008a: Time-expanded sampling for ensemble-based filters: 
Assimilation experiments with a shallow-water equation model. J. Geophys. Res., 113, D02114, 
doi: 10.1029/2007JD008624. 

, H. Lu, S. Gao, M. Xue, and M. Tong, 2008b: Time-expanded sampling for ensemble Kalman filter: 
Assimilation experiments with simulated Radar observations. Mon. Wea. Rev., 136, 2651–2667. 

Zhao., Q., J. Cook, Q. Xu, and P. Harasti, 2006: Using radar wind observations to improve mesoscale 
numerical weather prediction. Wea. Forecasting, 21, 502-522. 

, J. Cook, Q. Xu, and P. Harasti, 2008: Improving short-term storm prediction by assimilating both 
radar radar-wind and reflectivity observations. Wea. and Forecasting, 23, 373-391. 

, and Y. Jin, 2008: High-resolution radar data assimilation for Hurricane Isabel (2003) at landfall. 
Bull. Amer. Meteor. Soc., 89, issue 9 (in press).  

 

 


