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ABSTRACT

This article reviews Fuqing ZHANG’s contributions to mesoscale atmospheric science, from research to mentoring to
academic service, over his 20-year career. His fundamental scientific contributions on predictability, data assimilation, and
dynamics of high impact weather, especially gravity waves and tropical cyclones, are highlighted. His extremely generous
efforts  to  efficiently  transmit  to  the  community  new  scientific  knowledge  and  ideas  through  mentoring,  interacting,
workshop organizing, and reviewing are summarized. Special appreciation is given to his tremendous contributions to the
development of mesoscale meteorology in China and the education of Chinese graduate students and young scientists.
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Through  just  a  20-year  career  before  his  premature
death in 2019, Fuqing ZHANG made outsized fundamental
contributions  to  a  wide  range  of  topics  in  atmospheric  sci-
ence, including, but not limited to, predictability and dynam-
ics of multiscale weather, ensemble-based data assimilation
and prediction, tropical cyclones, mesoscale gravity waves,
and  midlatitude  weather  (Fig.  1).  He  was  able  to  accom-
plish so much in such a short time because of his drive and
his unparalleled curiosity that would often morph into bound-
less passion on a topic. He uniquely integrated elements of
seemingly diverse subdisciplines into a wholistic understand-
ing of atmospheric dynamics and prediction, always with a
dedicated focus on addressing high-impact weather forecast
challenges.

Fuqing  ZHANG  graduated  from  Nanjing  University,
China, in 1994 and obtained his Ph.D. degree from North Car-
olina State University in 2000. After one year of post-doc-
toral  research  at  the  National  Center  for  Atmospheric
Research  (NCAR)  in  Boulder,  Colorado,  he  started  his
career  at  Texas A&M University  in  2001 as  a  tenure track
assistant professor. In 2008, he joined Pennsylvania State Uni-

versity  and  became  a  tenured  full  professor  in  the  Depart-
ment  of  Meteorology  and  Atmospheric  Science  and  a  year
later received a joint appointment with the Department of Stat-
istics. From 2001 through July 2019, he fully met each and
every one of the criteria on which the achievements of scient-
ists are judged: from research to mentoring to academic ser-
vice.

Fuqing  ZHANG’s  outstanding  scientific  accomplish-
ments are attested to at least, in part, by both the quality and
the  impact  of  his  stellar  record of  publications.  In  addition
to  one  book  and  six  book  chapters,  he  authored  275  peer-
reviewed journal papers by 22 January 2022 (listed in the sup-
porting information) with 224 collected by ISI Web of Sci-
ence  by  4  September  2021  (Figs.  2 and 3).  As  tracked  by
Web  of  Science  and  Google  Scholar,  these  works  have
received 9950 and 14 930 total citations with an h-index of
54 and 68, respectively, by 4 September 2021 (Fig. 3). The
top  50  most  cited  journal  papers  authored  by  Fuqing
ZHANG are  listed in Fig.  4,  which shows that  predictabil-
ity,  gravity  waves,  data  assimilation,  and  tropical  cyclones
are the top four areas where Fuqing ZHANG made substan-
tial contributions. 

Predictability of multiscale weather systems

One significant contribution that Fuqing ZHANG made
to atmospheric science is on the basic problem of predictabil-
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Fig.  1. Frequencies  of  occurrence  of  key  words  in  the  titles  of  Fuqing  ZHANG’s
publications, revealing the major and widespread topics of his research. Larger sizes denote
higher frequencies. (Produced by Ruoqi GAO, currently a graduate student at the University
of Virginia and formerly of Pennsylvania State University.)

 

 

Fig. 2. A list of journals in which Fuqing ZHANG’s papers were published up to 4 September 2021.
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ity. He was the first to demonstrate that upscale growth of ini-
tial  model  errors  through  moist  convective  processes  may
limit the predictability of severe weather and related meso-
scale processes (Zhang et al., 2002, 2003; Zhang, 2005). He
further  highlighted the impact  of  moist  processes on atmo-
spheric  predictability  in  a  conceptual  model  of  multiscale
multistage  error  growth  (Zhang  et  al.,  2007)  and  in  differ-
ent flow regimes such as tropical cyclones (e.g., Sippel and
Zhang,  2008, 2010; Zhang  and  Sippel,  2009; Zhang  and
Tao,  2013; Melhauser  and  Zhang,  2014; Tao  and  Zhang,
2014, 2015) and mesoscale convective systems (e.g., Zhang
et  al.,  2006; Melhauser  and  Zhang,  2012).  He  and  his  stu-
dents  demonstrated  with  high-resolution  simulations  that
moist convection and/or gravity waves are able to generate
the  observed  −5/3  mesoscale  power  spectrum  slope  (Sun
and Zhang, 2016; Sun et al.,  2017). His paper on “What is
the Predictability Limit of Midlatitude Weather?” (Zhang et
al.,  2019a)  represents  our  most  comprehensive  knowledge
to  date  on  global  weather  predictability,  and  it  generated
wide public, academic, and media interest. 

Dynamics of gravity waves associated with jets
and fronts

Fuqing ZHANG was the world’s leading expert on the
dynamics  of  gravity  waves  associated  with  jets  and  fronts
(see  the  tribute  to  him  on  these  topics  by Ruppert  et  al.,
2021, in the Bulletin of the American Meteorological Soci-
ety).  He was  the  first  to  propose  and demonstrate  spontan-
eous  balance  adjustment  regarding  the  generation  of  grav-
ity waves in highly baroclinic situations (Zhang, 2004), sup-
ported  by  a  series  of  rigorous  demonstrations  (Plougonven
and  Zhang,  2007; Wang  and  Zhang,  2007, 2010; Lin  and
Zhang,  2008; Wang  et  al.,  2009, 2010).  He  further  exten-
ded  the  balance  adjustment  framework  to  examine  gravity
waves in moist baroclinic jet-front systems and systematic-
ally  disentangled  the  roles  of  baroclinic  versus  convective

instabilities  (Wei  and  Zhang,  2014, 2015).  These  findings
have aided in parameterizing the effects of jet-front gravity
waves in global models (Wei et al., 2016). He was the chair-
person of the 2016 Stratosphere-troposphere Processes And
their  Role  in  Climate  (SPARC)  international  gravity  wave
symposium and a co-leader of SPARC gravity wave activit-
ies as part of the World Climate Research Program. 

Ensemble-based data assimilation techniques

Fuqing  ZHANG  was  the  first  to  successfully  imple-
ment  the  ensemble  Kalman  filter  (EnKF)  in  assimilating
radar  data  into  a  cloud-scale  model  (Snyder  and  Zhang,
2003; Zhang et al., 2004). He led the development and applic-
ation  of  EnKF  techniques  for  combating  sampling  errors
and  model  uncertainties  such  as  covariance  inflation
through  relaxation  to  the  prior  perturbation  (Zhang  et  al.,
2004) and adaptive relaxation to the prior spread (Ying and
Zhang, 2015), successive covariance localization (Zhang et
al.,  2009a),  multi-physics-scheme  ensembles  (Meng  and
Zhang,  2007, 2008a, b),  and  simultaneous  state  and  para-
meter  estimation (Aksoy et  al.,  2006a, b; Hu et  al.,  2010a,
b). He was among the first to develop the coupling of EnKF
and 4D-Var (Zhang et al.,  2009b, Zhang and Zhang, 2012;
Poterjoy  and  Zhang,  2014).  The  Pennsylvania  State  Uni-
versity  (PSU)  ensemble  data  assimilation  system  that  his
group developed is made freely available online and is now
widely used for both research (e.g., the United States, Aus-
tralia,  China,  and  Korea)  and  operations  (e.g.,  U.S.  Naval
Research Laboratory and the Meteorological Observatory of
Anhui, China) around the world. 

Tropical cyclone intensity forecasts

An  especially  important  contribution  of  Fuqing
ZHANG was his efforts in improving tropical cyclone intens-
ity  forecasts.  The  hurricane  prediction  system  he  lead-

 

 

Fig. 3. Fuqing ZHANG’s impact over time up to 4 September 2021 (adapted from Web of Science).
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developed using EnKF to assimilate airborne Doppler radar
observations  in  real  time  showed  an  improvement  in  the
skill  of  tropical  cyclone  intensity  forecasts  by  ~30%  over
the  official  National  Hurricane  Center  forecasts  (Zhang  et
al., 2011; Zhang and Weng, 2015). This, in turn, resulted in
the  operational  implementation  of  the  methodology  in  the
use of airborne Doppler radar by NOAA since 2013. In addi-
tion to airborne Doppler radar observations, he also led the
development  of  EnKF in  assimilating  all-sky satellite  radi-
ance (Zhang et al., 2016; Zhang et al., 2019b) and reconnais-
sance aircraft observations (Weng and Zhang, 2016) for trop-
ical cyclone prediction. This breakthrough has been widely
regarded as the first real advance in tropical cyclone intens-
ity  forecasts  to  date,  which  is  not  only  an  important  sci-
entific achievement but also a very significant contribution
to social welfare.

With so many ground-breaking scientific achievements,
as  listed  but  not  limited  to  those  above,  Fuqing  ZHANG
received  numerous  awards,  best  exemplified  by  two  major
research awards from the American Meteorological Society
(AMS): the 2009 Clarence Leroy Meisinger Award "for out-
standing  contributions  to  mesoscale  dynamics,  predictabil-
ity and ensemble data assimilation" and the 2015 Banner I.
Miller Award “for valuable insights into incorporating real-
time  airborne  Doppler  radar  measurements  via  ensemble
data  assimilation,  leading  to  improvements  in  forecasts  of
tropical  cyclone  track  and  intensity. ”  He  was  awarded  the
prestigious  Pennsylvania  State  University  Faculty  Scholar
Medal in 2018 “for his innovating and pioneering research
on data assimilation” and soon thereafter the title of distin-
guished  professor.  He  was  awarded  the  Joanne  Simpson
Medal by the American Geophysical Union (AGU) in Decem-
ber  2019  “for  significant  contributions  to  the  Earth  and
space sciences  by an outstanding mid-career  scientist”.  He
became an elected AMS fellow in 2015 and AGU fellow in
2018.

Over  all  of  his  professional  years,  Fuqing  ZHANG
attached great importance to scientific exchanges and collab-
orations. He always paid full attention to talks and lectures
during meetings, seldom opening a laptop. He often went to
meetings  without  taking  a  backpack  but  always  with  a
focused  mind  with  endless  critical  questions  during  meet-
ing sessions and active interactions with colleagues after ses-
sions (Fig.  5).  He gave nearly 300 keynote or invited talks
at various institutions and meetings. He participated in five
field  experiments:  the  Bow-echo  And  MCV  EXperiment
(BAMEX),  the  Stratosphere-Troposphere  Analyses  of
Regional Transport (START08), the PRE-Depression Invest-
igation of Cloud-systems in the Tropics (PREDICT), the Hur-
ricane  and  Severe  Storm  Sentinel  (HS3),  and  the  Intensity
Forecasting  EXperiment  (IFEX).  He  also  held  visiting
appointments  at  various  prestigious  institutions,  including
Peking  University,  Nanjing  University,  NCAR,  Naval
Research Laboratory (NRL), NOAA Hurricane Research Divi-
sion  (HRD),  Laboratoire  de  Météorologie  Dynamique
(LMD), and École Normale Supérieure of Paris. He was selec-

ted as the 2015 Rossby Fellow of the International Meteorolo-
gical Institute of Sweden, a Houghton Lecturer at MIT dur-
ing his 2015 fall sabbatical, the Nordenskjöld Lecturer at Uni-
versity  of  Gothenburg  in  2016,  the  2017  Burgers  Keynote
Lecturer at University of Maryland, and the GoCAS Distin-
guished  Chair  to  lead  the  2018  Gothenburg  Chair  Pro-
gramme for Advanced Studies.

In  addition  to  his  outstanding  scientific  achievements,
Fuqing ZHANG also made great contributions to the atmo-
spheric science community. He mentored more than 60 gradu-
ate  students,  including  the  first  author  of  this  review,  and
another 60 or so postdoctoral, visiting, and research scient-
ists from all over the world. Many of his mentees have now
emerged  as  leaders  in  their  own  respective  subdisciplines.
He  helped  to  organize  45  national  and  international  work-
shops  and  conferences,  including  8  EnKF  workshops.  He
served  on  numerous  expert  panels  or  advisory  boards  for
NSF,  NASA,  NOAA,  Office  of  Naval  Research  (ONR),
AMS, and the National Academies. On 14 November 2017,
he was part of the expert panel that gave a congressional brief-
ing  on Science's  Impact  on  Weather  Prediction  and  Eco-
nomy organized  by  the  University  Corporation  of  Atmo-
spheric Research (UCAR). He served as editor of several pro-
fessional  journals,  including six  years  as  editor  of Monthly
Weather Review. He was an editor for the newest (2nd) edi-

 

Fig.  5. Fuqing  ZHANG  asking  questions  at  the
Multiscale  Convection  Summer  School  from  27−30
May 2019 held at Peking University in Beijing, China.
This  summer  school  was  co-organized  by  Zhiyong
MENG and Fuqing ZHANG.
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tion  of  the Encyclopedia  for  Atmospheric  Sciences (six
volumes, with a total of 2998 pages), as well as a reviewer
of  articles  for  more  than  30  professional  journals  and  of
grant applications for more than 20 funding agencies.

Over the years, Fuqing ZHANG made tremendous contri-
butions  to  the  development  of  mesoscale  meteorology  in
China  and  the  education  of  Chinese  graduate  students  and
young scientists.  Most of the younger generation of scient-
ists  in  China  in  the  areas  of  mesoscale  meteorology,  trop-
ical meteorology, synoptic meteorology, atmospheric predict-
ability, and data assimilation, including all of the lead and cor-
responding  authors  of  papers  in  this  special  issue,  were
greatly influenced by him, either through direct mentorship
or  through  numerous  summer  schools  and  workshops  that
he  organized  and  ran.  He  supervised  or  co-supervised  20
graduate  students  from  7  universities  and  45  visitors  from
16 universities, research institutes, and operational meteorolo-
gical agencies in China. He helped them in both science and
life,  leading  each  of  them  to  greater  progress  in  their
careers.  He  acted  as  a  key  liaison  between  China  and  the
world in the field of mesoscale meteorology.  He co-organ-
ized  international  summer  schools  and  conferences  seven
times with Nanjing University, Peking University, the Insti-
tute  of  Atmospheric  Physics,  and the  Chinese  Academy of
Meteorological  Sciences.  He  invited  top  scientists  in  the
world  to  give  lectures  at  the  summer  schools  and  confer-
ences,  which  made  China  see  the  world  and  the  world  see
China. As an editor of the Journal of Science China Earth Sci-
ences, he made enormous contributions in improving the qual-
ity of the journal. Fuqing’s passing is a monumental loss for
atmospheric science in China.

All in all, Fuqing ZHANG was an outstanding, incred-
ibly  prolific  scientist  in  the  atmospheric  sciences  world-
wide. He will be remembered not only for his groundbreak-
ing scientific contributions to a broad range of topics in atmo-
spheric  predictability  and  dynamics,  as  well  as  ensemble-
based  data  assimilation  for  advanced  prediction  of  severe
weather and tropical cyclones, but also for his generosity in
putting  energy  and  time  into  efficiently  transmitting  to  the
community the new scientific  knowledge and ideas that  he
helped to grow. He helped to shape the careers and lives of
many students and mentees in wonderful ways. Even when
he  was  poking  holes  in  his  mentees’ research,  his  laugh,
mirth, and kindness were never far away. Fuqing ZHANG’s
dedication  to  science  and  his  attitude  towards  life  have
been,  and  will  continue  to  be,  a  great  inspiration  to  many,
many people.
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