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1. INTRODUCTION 
 

Radar observations contain rich 

information about the mesoscale and storm-scale 

structures of the atmosphere and hydrometeors 

with high spatial resolutions and frequent update 

rate, and therefore have the potential to become a 

major data source for high-resolution NWP model 

initialization. Before radar data is fully used for this 

purpose, however, an understanding of how the 

assimilated radar data affects the model forecast 

is needed. At the Naval Research Laboratory 

(NRL), a high-resolution data  assimilation system 

is under development for nowcasting purposes.  

The objective of this development is to assimilate 

high-resolution data, especially those from 

Doppler radars and satellites, into the Navy’s 

Coupled Ocean/Atmosphere Mesoscale Prediction 

System  ((CCOOAAMMPPSS®®,,  HHoodduurr  11999977))  

                                                

to improve the 

model capability and accuracy in very-short-term 

prediction of severe weather events.  A variational 

approach is used to retrieve three-dimensional 

wind fields from radar observations of radial 

velocity from multiple radars in a limited area and 

the thermodynamic perturbations associated with 

the retrieved winds. In parallel, a data fusion 

technique is used to combine satellite, radar 

reflectivity, and surface observations to update the 

model 3D cloud forecasts. The retrieved fields are 

then assimilated into the model to improve model 

initial conditions. The system has been tested with 

severe storm cases. A verification system has also 

been developed to assess the data assimilation 

impact. The objective of this paper is to give a 

description of the data assimilation procedures 

used in this study and to show some results from 

our recent data assimilation experiments.  

 

2. DATA ASSIMILATION SYSTEM  

 

TThhee  tthhrreeee--aanndd--hhaallff--ddiimmeennssiioonnaall  vvaarriiaattiioonnaall  

((33..55ddVVaarr))  ssyysstteemm  ddeevveellooppeedd  bbyy  XXuu  eett  aall..  ((22000011aa,,  

22000011bb))  aanndd  GGuu  eett  aall..  ((22000011))  uusseedd  iinn  tthhiiss  ssttuuddyy  

ppeerrffoorrmmss  aa  ttwwoo--sstteepp  rreettrriieevvaall  ooff  tthhee  tthhrreeee--

ddiimmeennssiioonnaall  wwiinnddss  aanndd  tthheerrmmooddyynnaammiiccaall  

ppeerrttuurrbbaattiioonn  ffiieellddss  ffoorr  NNWWPP  mmooddeell  ddaattaa  

aassssiimmiillaattiioonn    

  

22..11  WWiinndd  aannaallyyssiiss    

  TThhee  wwiinndd  aannaallyyssiiss  eessttiimmaatteess  tthhee  vveelloocciittyy  

iinnccrreemmeenntt  vvii  ≡≡  ((uuii,,  vvii,,  wwii))  ttoo  tthhee  mmooddeell  ffoorreeccaasstt   
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bbaacckkggrroouunndd  vveelloocciittyy  vvff  ≡≡  ((uuff,,  vvff,,  wwff))  bbyy  uussiinngg  ttwwoo  

ccoonnsseeccuuttiivvee  vvoolluummee  ssccaannss  wwiitthhiinn  tthhee  wwiinndd  aannaallyyssiiss  

ttiimmee  wwiinnddooww  ((aabboouutt  1100  mmiinn))  ffrroomm  eeaacchh  rraaddaarr  iinnssiiddee  

tthhee  aannaallyyssiiss  ddoommaaiinn..  TThhee  mmooddeell  ggrriidd  ffiieelldd  ooff  vvii  iiss  

eessttiimmaatteedd  aatt  tthhee  mmooddeell  ttiimmee  lleevveell  nneeaarreesstt  ttoo  tthhee  

mmiiddddllee  ooff  tthhee  wwiinndd  aannaallyyssiiss  ttiimmee  wwiinnddooww  bbyy  

mmiinniimmiizziinngg  tthhee  ffoolllloowwiinngg  ccoossttffuunnccttiioonn::  

    

  JJ  ==  JJbbkk  ++  JJoobb  ++  JJmmss  ++  JJrrmm  ((11))  

    

wwhheerree  tthhee  ffoouurr  tteerrmmss  oonn  tthhee  rriigghhtt--hhaanndd--ssiiddee  ooff  tthhee  

eeqquuaattiioonn  aarree  tthhee  wweeaakk  ccoonnssttrraaiinnttss  ((iinn  tthhee  sseennssee  ooff  

lleeaasstt  ssqquuaarreess))  pprroovviiddeedd  bbyy  tthhee  ffoorreeccaasstt  

bbaacckkggrroouunndd,,  oobbsseerrvvaattiioonnss,,  mmaassss  ccoonnttiinnuuiittyy,,  aanndd  

rraaddiiaall--vveelloocciittyy  aaddvveeccttiioonn  eeqquuaattiioonn,,  rreessppeeccttiivveellyy..    

  

22..22  TThheerrmmooddyynnaammiicc  ppeerrttuurrbbaattiioonn  aannaallyyssiiss  

  AAfftteerr  ttwwoo  ccoonnsseeccuuttiivvee  wwiinndd  rreettrriieevvaallss,,  tthhee  

eessttiimmaatteedd  ffiieellddss  ooff  vvii  aarree  tthheenn  uusseedd  aass  iinnppuutt  ddaattaa  

ffoorr  tthhee  tthheerrmmooddyynnaammiicc  aannaallyyssiiss..  SSiimmiillaarr  ttoo  GGaall--

CChheenn  ((11997788))  aanndd  HHaannee  aanndd  SSccootttt  ((11997788)),,  tthhee  

tthheerrmmooddyynnaammiicc  aannaallyyssiiss  ccoommppuutteess  tthhee  

ppeerrttuurrbbaattiioonn  pprreessssuurree  iinnccrreemmeenntt  ππii  aanndd  

ppeerrttuurrbbaattiioonn  tteemmppeerraattuurree  iinnccrreemmeenntt  qqi  bbyy  

mmiinniimmiizziinngg  tthhee  ffoolllloowwiinngg  ccoossttffuunnccttiioonnss::    

JJππ  ==  ||ππ||22  ++  [[[[EEuu22  ++  EEvv22]]]]qquuvv  ((22))  

    JJqq==  ||qq||22  ++  [[[[EEww22]]]]qqww    ((33))      

WWhheerree  ππ  ==  BBππ--11//22ππii  aanndd  qq  ==  BBqq--11//22qqii,,  [[[[    ]]]]  

ddeennootteess  ssuummmmaattiioonn  oovveerr  aallll  ggrriidd  ppooiinnttss,,  BBππ  iiss  tthhee  

bbaacckkggrroouunndd  eerrrroorr  ccoovvaarriiaannccee  mmaattrriixx  ffoorr  ππii,,  BBq  iiss  

tthhee  bbaacckkggrroouunndd  eerrrroorr  ccoovvaarriiaannccee  mmaattrriixx  ffoorr  qqii,,  ππ  iiss  

tthhee  ssttaattee  vveeccttoorr  ooff  tthhee  ggrriidd  ffiieelldd  ooff  ππ,,  qq  iiss  tthhee  ssttaattee  

vveeccttoorr  ooff  tthhee  ggrriidd  ffiieelldd  ooff  qq,,  EEuu  aanndd  EEvv  aarree  tthhee  

ccoonnssttrraaiinnttss  pprroovviiddeedd  bbyy  mmooddeell  hhoorriizzoonnttaall  

mmoommeennttuumm  eeqquuaattiioonnss,,  qquuvv  iiss  tthhee  wweeiigghhtt  tthhaatt  

nnoorrmmaalliizzeess  aanndd  bbaallaanncceess  [[[[EEuu22  ++  EEvv22]]]]  wwiitthh  

rreessppeecctteedd  ttoo  tthhee  bbaacckkggrroouunndd  tteerrmm,,    EEww  iiss  tthhee  

ccoonnssttrraaiinntt  pprroovviiddeedd  bbyy  tthhee  mmooddeell  vveerrttiiccaall  

mmoommeennttuumm  eeqquuaattiioonn,,  aanndd  qqww  iiss  tthhee  wweeiigghhtt  tthhaatt  

nnoorrmmaalliizzeess  aanndd  bbaallaanncceess  [[[[EEww22]]]]  wwiitthh  rreessppeecctteedd  ttoo  

tthhee  bbaacckkggrroouunndd    tteerrmm..    

  

22..33  PPrreecciippiittaattiioonn  rreettrriieevvaall  

RRaaddaarr  oobbsseerrvvaattiioonnss  ooff  rreefflleeccttiivviittyy  aarree  uusseedd  

ffoorr  retrieval of rain, snow and graupel mixing ratios 

(Kessler 1969; Rogers and Yau 1989): 

Rain water:  

 Zo=1.73x104(rqr)1.75  (4)  

Snow and graupel: 

 Zo=3.8x104(rqs)2.2  (5) 

WWhheerree    Zo  ––  oobbsseerrvveedd  rraaddaarr  rreefflleeccttiivviittyy,,  r iiss air 

density, and qr and qs aarree  rraaiinn  aanndd  ssnnooww  ((oorr  

ggrraauuppeell))  mmiixxiinngg  rraattiiooss..    

 

3. EXPERIMENTS AND RESULTS 
 

Real data from a squall line event on 9 May 2003 

along the east coast of the United States were 

used to test the data assimilation system. WSR-

88D data showed that this storm system entered 

the study area at about 1800 UTC and reached its 

mature stage at about 2300 UTC 9 May with 

strongest reflectivity of more than 70 dBZ. Data 

from three WSR-88D radars in that area were 

collected for the data assimilation study. 

COAMPS® model was started at 1200 UTC 9 May 

to provide background fields for the retrievals. Five 

experiments were conducted  aass  sshhoowwnn  iinn  TTaabbllee  11..  

FFiigguurree  11  iilllluussttrraatteess  tthhee  pprroocceedduurreess in which data 



assimilation was cycled to assimilate the retrieved 

wind, thermodynamic, cloud, and precipitation 

fields into COAMPS® every hour during the data 

assimilation period from 1900 UTC to 2200 UTC. 

After that, a 14-hour forecast was executed. 
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Fig. 1. Illustration of data assimilation procedures

CNTL No data assimilation 

CLD Satellite IR and vis data 

CLD+PR Satellite IR and vis data, radar reflectivity 

WIND Radar radial velocity 

ALL All data above 

  

Table 1. Data assimilation experiments 

 

To study the impact of the data 

assimilation on model forecasts, root-mean-square 

(RMS) differences of model forecasts between 

each of data assimilation experiment and the 

control run were calculated as a function of 

forecast time.  Figure 2 gives the results for the 

fields of u-wind component (u), temperature (T), 

water vapor mixing ratio (qv), and rain water 

mixing ratio (qr). It is obvious that all model 

forecasts responded significantly to the data 

assimilation in all data assimilation experiments. It 

is also interesting to note that the data assimilation 

impacts stayed in the model forecasts for the 

whole forecast period except the rain water mixing 

ratio, in which the data assimilation impact 

disappeared right after the storm system moved 

away from the model domain.  

  

 
  

Fig. 2 Root-mean-square differences of model 
forecasts between the data assimilation 
experiments and the control run. 
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Fig. 4 Time variation of root-mean-square errors 
and correlation coefficients of radial velocities 
calculated from model forecasts of three-
dimensional winds verified against radar 
observations at elevation angle of 2.37 degree. 
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Fig. 3 Root-mean-square errors and
correlation coefficients of radial velocities
calculated from model 1-hour forecasts of
three-dimensional winds verified against
radar observations. 
  

  

  

AA  ssyysstteemm  hhaass  aallssoo  bbeeeenn  ddeevveellooppeedd  ttoo  

vveerriiffyy  mmooddeell  wwiinndd  ffoorreeccaassttss  aaggaaiinnsstt  rraaddaarr  

oobbsseerrvvaattiioonnss  ooff  rraaddiiaall  vveelloocciittyy..  TThhiiss  ssyysstteemm  

ccaallccuullaatteess  tthhee  mmooddeell--pprreeddiicctteedd  rraaddiiaall  vveelloocciittiieess,,  aatt  

rraaddaarr  oobbsseerrvvaattiioonnaall  ggrriiddss,,  ffrroomm  mmooddeell  tthhrreeee--

ddiimmeennssiioonnaall  wwiinndd  ffoorreeccaassttss  ((uu,,  vv,,  ww))  aanndd  tthheenn  

ccoommppaarreess  tthhee  ccaallccuullaatteedd  rraaddiiaall  vveelloocciittiieess  wwiitthh  

rraaddaarr  oobbsseerrvvaattiioonnss..  SSttaattiissttiiccss  ooff  RRMMSS  eerrrroorrss  aanndd  

ccoorrrreellaattiioonn  ccooeeffffiicciieennttss  aarree  ccoommppuutteedd  ffoorr  eeaacchh  

rraaddaarr  ssccaann  eelleevvaattiioonn..  FFiigguurree  33  sshhoowwss  tthhee  

wwhhiillee  FFiigg..  44  ggiivveess  tthhee  ttiimmee  vvaarriiaattiioonnss  ooff  tthhee  RRMMSS  

eerrrroorrss  aanndd  ccooeeffffiicciieennttss  ffrroomm  oonnee  ppaarrttiiccuullaarr  rraaddaarr  

eelleevvaattiioonn  ssccaann..  TThhee  iimmpprroovveemmeennttss  iinn  mmooddeell  wwiinndd  

ffoorreeccaassttss  bbyy  aallll  tthhee  ddaattaa  aassssiimmiillaattiioonn  eexxppeerriimmeennttss  

ccaann  bbee  sseeeenn  cclleeaarrllyy  iinn  FFiiggss..  33  aanndd  44,,  wwiitthh  tthhee  

bbiiggggeesstt  iimmpprroovveemmeenntt  ffrroomm  tthhee  ccoommbbiinneedd  ddaattaa  

aassssiimmiillaattiioonn  aatt  tthhee  ffiirrsstt  ffoorreeccaasstt  hhoouurr  aanndd  ffrroomm  tthhee  

rraaddiiaall  vveelloocciittyy  aassssiimmiillaattiioonn  eexxppeerriimmeenntt  ffoorr  rreesstt  ooff  

tthhee  ffoorreeccaasstt  ttiimmee..  AAccccoommppaannyyiinngg  tthhee  wwiinndd  

iimmpprroovveemmeenntt,,  oouurr  rreessuullttss  ((nnoott  sshhoowwnn))  aallssoo  

iinnddiiccaatteedd  nnoottaabbllee  iimmpprroovveemmeennttss  iinn  ssttoorrmm  llooccaattiioonn  

aanndd  iinntteennssiittyy  pprreeddiiccttiioonn..  
 



4. CONCLUSIONS 
 

The improvement in very-short-term storm 

prediction by assimilating radar and satellite 

observations into a mesoscale NWP model has 

shown the potential of using mesoscale NWP 

models in nowcasting not only storms but also 

other atmospheric parameters.  Currently, there 

still are some scientific and technical challenging 

issues in mesoscale data assimilation, especially 

those associated with data quality, data 

assimilation algorithms, and the estimation of 

model uncertainty and observational errors. These 

are the major reasons for the small improvements, 

and sometimes even negative impacts, founded in 

some of our data assimilation studies. However, 

as the developments in high-resolution 

observational data and data assimilation 

algorithms continue, further improvement in very-

short-term prediction of the atmospheric conditions 

from mesoscale NWP models are expected. 
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