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ABSTRACT

The impact of moist physics on the sensitive areas identified by conditional nonlinear optimal perturbation (CNOP) is
examined based on four typical heavy rainfall cases in northern China through performing numerical experiments with and
without moist physics. Results show that the CNOP with moist physics identifies sensitive areas corresponding to both the
lower-  (850−700  hPa)  and  upper-level  (300−100  hPa)  weather  systems,  while  the  CNOP  without  moist  physics  fails  to
capture the sensitive areas at lower levels. The reasons for the CNOP peaking at different levels can be explained in both
algorithm and  physics  aspects.  Firstly,  the  gradient  of  the  cost  function  with  respect  to  initial  perturbations  peaks  at  the
upper level without moist physics which results in the upper-level peak of the CNOP, while it peaks at both the upper and
lower levels with moist physics which results in both the upper- and lower-level peaks of the CNOP. Secondly, the upper-
level sensitive area is associated with high baroclinicity, and these dynamic features can be captured by both CNOPs with
and  without  moist  physics.  The  lower-level  sensitive  area  is  associated  with  moist  processes,  and  this  thermodynamic
feature can be captured only by the CNOP with moist physics. This result demonstrates the important contribution of the
initial  error  of  lower-level  systems  that  are  related  to  water  vapor  transportation  to  the  forecast  error  of  heavy  rainfall
associated weather systems, which could be an important reference for heavy rainfall observation targeting.
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Article Highlights:

•  With moist physics, CNOP identifies both the upper-level and lower-level sensitive areas. Without moist physics, CNOP
only identifies the upper-level sensitive area.

•  The  gradient  of  the  cost  function  with  respect  to  initial  perturbations  peaks  at  the  upper  levels  without  moist  physics,
while it peaks at both upper and lower levels with moist physics.

•  The upper-level sensitive area is associated with high baroclinicity, and the lower-level sensitive area is associated with
moist processes.

 

 
 

 

1.    Introduction

Heavy rainfall is one of the main severe weather events
that  can  lead  to  disaster  in  China  by  threatening  lives  and
causing  great  economic  losses  (Zhang,  2006; Chen  and
Gao, 2010). Many field experiments and studies have been
implemented  to  investigate  the  dynamic  mechanisms  that
lead  to  heavy  rainfall  events  and  their  predictability  (Ni  et

al.,  2006; Wang  et  al.,  2014a).  Heavy  rainfall  is  usually
caused by the nonlinear interaction of multiscale weather sys-
tems  (Liu  et  al.,  2011; Li  et  al.,  2014; Qi  and  Xu,  2018).
Small errors in the initial conditions may result in large differ-
ences  in  the  forecasts  (Lorenz,  1963; Zhu  et  al.,  2007).  In
order to improve heavy rainfall  forecasts,  it  is important to
find the key factors contributing to their large error growth.

Sensitivity  analysis  can  reveal  how numerical  forecast
or  simulation  results  respond  to  changes  in  initial  condi-
tions.  Sensitivity  analysis  has  been  used  to  study  the  prac-
tical  and  intrinsic  predictability  of  mesoscale  weather  sys-
tems  (Zhang  et  al.,  2003, 2006).  Sippel  and  Zhang  (2010)
used sensitivity analysis to reveal the factors affecting the pre-
dictability  of  Hurricane  Humberto  and  the  origins  of  trop-
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ical  cyclone  intensity  forecast  error.  Sensitivity  analysis
based  on  global  operational  ensemble  forecasts  has  also
been  used  to  identify  key  processes  contributing  to
extremely heavy rainfall  events (Schumacher,  2011; Lynch
and  Schumacher,  2014; Yu  and  Meng,  2016; Zhang  and
Meng, 2018).

Two major groups of methods have been applied to sens-
itivity  analysis.  One  is  ensemble-based  methods,  such  as
ensemble Kalman filter  (EnKF; Hamill  and Snyder,  2002),
ensemble  transform  Kalman  filter  (ETKF; Bishop  et  al.,
2001),  and  ensemble-based  sensitivity  analysis  (ESA;
Hakim and Torn, 2008). The other is based on adjoint techno-
logy, such as singular vectors (SVs; Palmer et al., 1998) and
adjoint  sensitivity  analysis  (Mahfouf  and  Bilodeau,  2007;
Doyle  et  al.,  2019; Reynolds  et  al.,  2019).  A major  limita-
tion  in  most  current  methods  is  the  linear  assumption  for
error growth, which may lead to incorrect results (Reynolds
and Rosmond, 2003; Huang and Meng, 2014). Taking nonlin-
ear processes into account, conditional nonlinear optimal per-
turbation  (CNOP)  method  was  proposed  by  Mu  and  Duan
(2003) to examine the predictability and target area of atmo-
spheric  and  oceanic  processes.  CNOP-I  (hereafter  called
CNOP)  is  the  initial  perturbations  whose  nonlinear  evolu-
tion attains the maximum of a given cost function under cer-
tain constraints. The CNOP method has been applied to pre-
dictability  and  sensitivity  analysis  for  many  high-impact
events  such  as  tropical  cyclones,  Kuroshio  large  meander
(KLM),  and  El  Niño-Southern  Oscillation  (ENSO)  (Wang
and Mu, 2017). The CNOP method has also been applied in
the study of heavy rainfall,  which shows that a decrease in
CNOP-type initial error could improve forecasts (Mu et al.,
2007). Yu and Meng (2016) used the CNOP based on MM5
to find the key weather systems that influenced the simula-
tion of the heavy rainfall in Beijing on 21 July 2012. Their res-
ults showed that the key weather system found by CNOP is
a low-level vortex, which is consistent with the diagnostic res-
ults  obtained  by  Meng  et  al.  (2013).  These  results  suggest
that the CNOP method may be a good way to find the key
weather  systems  leading  to  heavy  rainfall  (Yu  and  Meng,
2016).

Moist  physics  is  quite  important  for  heavy  rainfall
(Wang et al., 2014b; Joseph et al., 2015; Li et al., 2016) and
adjoint-based  sensitivity  analysis  (Ehrendorfer  and  Errico,
1995; Jung and Kim, 2009). Many studies have shown that
rapid error  growth is  closely associated with moist  physics
(Ehrendorfer  et  al.,  1999; Zhang  et  al.,  2002, 2003)  for
heavy  rainfall  events  (Zhang  et  al.,  2006; Liu  and  Tan,
2009; Zhu et al.,  2009; Zhang et al.,  2016b). These studies
suggest  that  it  is  important  to  understand  how moist  phys-
ics  may  influence  the  identification  of  sensitive  areas  for
heavy rainfall cases. Previous results have shown that SVs cal-
culated with moist physics differ from and grow faster than
SVs  calculated  without  moist  physics  (Ehrendorfer  et  al.,
1999; Coutinho  et  al.,  2004).  However,  the  influences  of
moist physics on CNOP remain unknown.

Most  previous  atmospheric  research  studies  using  the

CNOP method were based on MM5 (Grell et al., 1995) and
its  tangent  linear  and  adjoint  models  (Zou  et  al.,  1997).
With  the  WRF  model  gradually  replacing  the  MM5,  a
WRF-based tool to calculate CNOP was established (Yu et
al., 2017). The results were compared with the MM5 based
on the dry model configuration since the moist physics (i.e.,
large-scale  precipitation  and  convection)  in  the  WRF
adjoint  model  have  not  been  fully  developed  (Yu  et  al.,
2017).  Understanding  the  limitations  of  using  a  dry  model
configuration for CNOP, especially for heavy rainfall cases,
is important and will be addressed in this study by perform-
ing experiments with and without moist physics.

This  study  is  aimed  at  examining  the  impact  of  moist
physics on CNOP and the associated sensitive area identifica-
tion  based  on  four  heavy  rainfall  cases  using  MM5.  The
CNOP method is described in section 2. The heavy rainfall
cases  and  experiment  design  are  introduced  in  section  3.
The results are discussed in section 4. Finally, a summary is
provided in section 5. 

2.    A brief introduction to the CNOP method

TDE′

CNOP refers  to the initial  perturbations that  maximize
the  cost  function J at  a  specified  time  under  chosen  con-
straint conditions (Mu and Duan, 2003). J is defined as the
average of the total  dry energy perturbations ( )  in the
verification area at the verification time. Suppose we have a
nonlinear model as follows:  

∂x
∂t
+F (x) = 0

x|t=0 = x0

, (1)

x0

x (t)
x (t) = M (x0)

δx∗0

where x and F are the state vector and the nonlinear partial
differential operator of the model.  is a value of x at the ini-
tial  time  and  is  the  value  of x at  forecast  time t.

, where M is the nonlinear operator (nonlinear
MM5 model in this study). CNOP is defined as the initial per-
turbations  that satisfy the following equation: 

J
(
δx∗0
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The initial perturbations are constrained by the total dry
energy via . D and  represent  the  horizontal
verification area and the vertical level, respectively. The veri-
fication area is the area of interest where the minimized fore-
cast error is expected.  is the specific
heat at constant pressure.  (270 K) is the reference temperat-
ure.  is the gas constant of dry air. 
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u′ v′ T ′ P′s(1000  hPa)  is  the  reference  pressure. , , ,  and  are
the forecast differences of zonal and meridional wind compon-
ents,  temperature,  and  surface  pressure,  respectively.  The
base states of the above variables are the model simulations
without initial perturbations.

u v T Ps

The total  dry energy (TDE) metric was used to ensure
consistency  between  the  experiments  with  and  without
moist  physics.  TDE is  associated  with  the  perturbations  of
, , , and , which represent the dynamic and thermody-

namic  features  of  the  weather  systems  that  are  associated
with heavy rainfall events. Changes in these fundamental vari-
ables  will  eventually  change the  evolution of  moisture  and
thus precipitation. TDE has been used for many predictabil-
ity  studies  since  it  is  suggested  as  a  first-order  approxima-
tion of  the analysis  error  covariance metric  (Molteni  et  al.,
1996; Palmer  et  al.,  1998).  Even  though  the  total  moist
energy (TME) could be a more suitable metric for heavy rain-
fall  cases  in  practice,  this  study  is  aimed  at  examining  the

impact of moist physics on the sensitive area identifications
for the weather systems that are associated with heavy rain-
falls.  What  we  are  interested  in  is  how  the  moist  physics
may  affect  the  identification  of  sensitive  areas  in  terms  of
the  dynamic  and  thermodynamic  features  of  the  back-
ground weather systems without perturbing the moisture vari-
ables,  thus the metric and perturbed variables are the same
between  the  experiments  with  and  without  moist  physics.
Using TME as the constraint metric would make the compar-
ison not apple-to-apple because there are no moisture perturb-
ation variables in the dry run.

Vertically integrated total energy has been widely used
to define the sensitive area identified by the SV (Buizza and
Montani, 1999; Buizza et al., 2007), in field campaigns such
as FASTEX (Montani et al., 1999) and T-PARC (Kim et al.,
2011), and in data-assimilation experiments carried out with
the  ECMWF  (Buizza  et  al.,  2007; Cardinali  et  al.,  2007).
These observation experiments demonstrated the validation

 

 

Fig. 1. The distribution of 24-h accumulated precipitation (shaded; units: mm), (a) from 0000 UTC 6 July to 0000
UTC 7 July 2017 for the “7.06” case; (b) from 1200 UTC 13 August to 1200 UTC 14 August 2018 for the “8.14”
case; (c) from 0000 UTC 9 July to 0000 UTC 10 July 2018 for the “7.09” case; (d) from 0000 UTC 21 July to 0000
UTC 22 July 2012 for the “7.21” case. The inner red box denotes the verification area in the corresponding case.
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of the SV-based sensitive area defined by the vertically integ-
rated total energy. Vertically integrated total energy has also
been  used  to  define  the  sensitive  area  identified  by  the
CNOP,  and  observation  system  experiment  results  have
shown that assimilating extra data in this defined target area
is  effective  in  improving  the  forecast  of  a  typhoon’s  track
(Chen,  2011).  Zhou  and  Zhang  (2014)  compared  the  hori-
zontal  projection,  single  energy  projection,  and  vertically
integrated energy schemes to define the sensitive area identi-
fied  by  the  CNOP  for  typhoon  observation  targeting,  and
the  results  showed  that  the  vertically  integrated  energy
scheme was the best. These previous results suggest that the
vertically  integrated  total  energy  should  be  valid  to  define
the sensitive area identified by the CNOP for heavy rainfall.
Validation  of  using  vertically  integrated  total  energy  to
identify  sensitive  areas  has  also  been  demonstrated  for
typhoon  and  winter  storm  events  (Yu  et  al.,  2017)  and
heavy rainfall events (Yu and Meng, 2016).

TDE′ vTDE′

TDE′

In this study, the sensitive area identified by the CNOP
is defined as the location of the top 1% vertically integrated

 ( ) of all model grid points. In this area, the ini-
tial  perturbations  may  have  the  largest  impact  on  the  fore-
cast . The optimization algorithm of the spectral projec-
ted gradient  2  (SPG2; Birgin  et  al.,  2001),  which has  been
generally  used  to  calculate  the  minimum  value  of  a  func-
tion of several variables subject to a constraint, was applied
to calculate the CNOP (Yu et al., 2017). 

3.    Cases and experimental design

Four heavy rainfall  cases,  which represent four typical
heavy  rainfall  processes  that  frequently  occur  in  northern
China,  were  examined  in  this  study.  They  are  the  “7.06 ”
case associated with a subtropical cyclone, the “8.14” case
associated  with  a  tropical  cyclone,  the  “7.09”  case  associ-
ated with a shear line, and the “7.21” case associated with a
lower-level  vortex.  In  the  “7.06 ”  case,  the  24-h  precipita-
tion of above 50 mm from 0000 UTC 6 July to 0000 UTC 7
July  2017  was  mainly  located  in  southwestern  Shandong
Province with a maximum value of 188.1 mm (Fig. 1a). In
the “8.14” case, the 24-h precipitation of above 50 mm from
1200  UTC  13  August  to  1200  UTC  14  August  2018  was
mainly located in western Shandong (Fig. 1b). In the “7.09”
case,  the  24-h  precipitation  of  above  50  mm  from  0000
UTC 9 July to 0000 UTC 10 July 2018 was mainly located
in eastern Shandong (Fig. 1c). In the “7.21” case, the 24-h pre-
cipitation  from  0000  UTC  21  July  to  0000  UTC  22  July
2012 averaged over the Beijing metropolitan area was about
190 mm (Fig. 1d), which broke the meteorological record of
Beijing  since  1951 (Xu et  al.,  2012).  The  rainfall  observa-
tions are at 1-h intervals and are provided by the China Met-
eorological Administration (CMA).

In this study, considering that the adjoint of moist phys-
ical  processes  in  WRF  has  not  been  fully  developed,  the
MM5 and its tangent linear and adjoint versions were used
to calculate the CNOP. In this study, the same model configur-

ation  was  set  for  the  nonlinear,  tangent  linear,  and  adjoint
models.  The  model  domain  for  this  study  is  a  91(lat)  ×
101(lon)  horizontal  grid  with  a  horizontal  resolution  of
60  km  and  21  evenly  spaced  sigma  levels  in  the  vertical
from the surface to 50 hPa. The initial and boundary condi-
tions  are  provided  by  the  National  Centers  for  Environ-
mental Prediction final analysis (NCEP FNL) of 1°×1° at a
6-h interval.  The nonlinear model simulations with the ini-
tial and boundary conditions were considered the base state.
The  verification  area  covers  the  location  of  heavy  rainfall
(inner red box in Fig. 1), and the simulation time covers the
main stage of the heavy rainfall in the verification area. The
starting  and  ending  times  of  the  24-h  accumulated  rainfall
mentioned  above  were  set  as  the  initial  and  verification
times  of  the  model  integration.  For  each  case,  in  order  to
find out the impact of moist physics on sensitive area identi-
fication,  two experiments  were  performed with  exactly  the
same configuration except for different moist physical pro-
cesses:  large-scale  precipitation  was  considered  with  the
Anthes-Kuo cumulus parameterization scheme used for the
moist  simulations  (EXP_moist),  whereas  the  dry  simula-
tions (EXP_dry) were run with the microphysical processes
and  cumulus  parameterization  scheme  all  turned  off
(Hoskins et al., 2000; Coutinho et al., 2004). The bulk planet-
ary boundary layer scheme was used for both experiments.
In  EXP_moist,  the  patterns  of  the  simulated  heavy  rainfall
events  (Fig.  2)  are  generally  consistent  with  the  observa-
tions (Fig. 1) except that the model results slightly underestim-
ate the rainfall amount. 

4.    Result
 

4.1.    Sensitive areas identified by the CNOP

vTDE′

hTDE′

For  the  “7.06 ”  case,  two  sensitive  areas  (top  1%
) are identified by the CNOP in EXP_moist (A, B in

Fig. 3a). Sensitive area A is located to the southwest of the
verification area, and the vertical distribution of the horizont-
ally  integrated  TDE′  (hereafter  referred  to  as  hTDE ′ )  over
area A peaks at an upper level (~300 hPa, black line in Fig.
3b).  Sensitive  area  B  is  located  at  the  southwest  corner  of
the verification area,  and the  over  it  peaks at  lower
levels  (~700  hPa,  red  line  in Fig.  3b).  However,  in
EXP_dry, only one sensitive area, peaking at upper levels sim-
ilar  to  sensitive  area  A  in  EXP_moist,  is  identified  by  the
CNOP (A in Figs. 3c and 3d).

The location of TDE′ relative to the weather systems at
the level of peak hTDE′ is also presented (Fig. 4). Sensitive
area A in EXP_moist is located over the base of a westerly
trough at 300 hPa (Fig. 4a). Sensitive area B in EXP_moist
is located in front of the trough associated with the subtrop-
ical  cyclone at  700 hPa (Fig.  4b).  The location and corres-
ponding weather system of sensitive area A in EXP_dry are
similar to sensitive area A in EXP_moist (Fig. 4c). This res-
ult shows that both the CNOPs in EXP_moist and EXP_dry
capture sensitive areas corresponding to the westerly trough
at  upper  levels,  while  the  CNOP  in  EXP_moist  also  cap-
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Fig. 2. Same as Fig. 1 but for the MM5 simulation results.
 

 

vTDE′Fig.  3. Sensitive  areas  (shaded,  the  top  1% )  identified  by  the  CNOP  in  (a)
EXP_moist and (c) EXP_dry for the “7.06” case. The inner red square box in (a) and
(c)  denotes  the  verification  area.  The  blue  circles  in  (a)  and  (c)  denote  the  sensitive
areas.  The vertical  distribution of  hTDE′  (units:  m2 s-2)  over  sensitive area A (black
line) and B (red line) in panel (a) is shown in (b). (d) is as (b) but for sensitive area A
in panel (c).
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tures the sensitive area in front of the trough extending from
the subtropical cyclone at lower levels.

The results of the other three cases are consistent with
those of the “7.06” case. The CNOP with moist physics cap-
tures  the  sensitive  areas  corresponding  to  both  the  upper-
level and the lower-level weather systems (Figs. 5a–c; Fig.
6a; Fig.  7a; Fig.  8a),  while  the CNOP without  moist  phys-
ics  only  captures  the  sensitive  area  corresponding  to  the
upper-level  weather  systems  (Figs.  5d–f; Fig.  6b; Fig.  7b;
Fig. 8b). The CNOPs with and without moist physics all cap-
ture the sensitive areas corresponding to the upper-level sys-
tems, such as the westerly trough in the “7.06” (Figs. 4a and
4c) and “7.21” cases (Figs. 8c and 8f), the westerly trough
and  tropical  cyclone  (by  the  CNOP  with  moist  physics,
Fig. 6c) and the easterly wind (by the CNOP without moist
physics, Fig. 6e) in the “8.14” case, and the jet stream in the
“7.09” case (Figs. 7c and 7e). The CNOPs with and without
moist physics also capture the sensitive area corresponding
to the midlevel trough in the “7.21” case (Figs. 8d and 8g).
However,  only  the  CNOPs  with  moist  physics  capture  the
lower-level  key  weather  systems  such  as  the  westerly
trough in the “7.06” case (Fig. 4b), the tropical cyclone and
its  inverted  trough  in  the  “8.14 ”  case  (Fig.  6d),  the  shear
line in the “7.09” case (Fig. 7d), and the lower-level vortex
in the “7.21” case (Fig. 8e). 

4.2.    The  importance  of  moist  processes  in  identifying
sensitive areas

As we know, lower-level processes are quite important
in the forecast  accuracy of heavy rainfall  (Liu et  al.,  2003;
Zhang  et  al.,  2016a; Sun  et  al.,  2019),  but  the  CNOP
without  moist  physics  fails  to  capture  the  lower-level
weather  systems.  For  example,  in  the  “7.21 ”  case,  the
CNOP with moist physics identifies the sensitive areas associ-
ated  with  the  upper-level  jet  stream,  midlevel  trough,  and
lower-level  vortex,  while  the  CNOP without  moist  physics
only captures  the sensitive areas  associated the upper-level
and  midlevel  synoptic  weather  systems  (Fig.  8).  The
primary  difference  between  the  CNOPs  with  and  without
moist  physics  is  in  their  identification of  the  sensitive  area
associated with the lower-level vortex. According to Yu and
Meng  (2016),  the  identified  key  weather  systems  in
EXP_moist  are  consistent  with  those  identified  by  the  lin-
ear  correlation  analysis.  This  also  shows  that  among  these
weather systems, the lower-level vortex is the most import-
ant weather system that influences the forecasting of heavy
rainfall. Consequently, EXP_dry misses the most important
key factor. In order to understand why the lower-level sensit-
ive  area  is  missed  in  EXP_dry,  the  algorithm  and  physics
aspects are examined.

In  the  algorithm  aspect,  the  gradient  of  the  cost  func-
tion with respect to initial perturbations is different between
the  experiments  with  and  without  moist  physics  for  the
“7.06” case (Fig. 9). In EXP_dry, the gradient peaks at the
upper  levels,  which suggests  that  the error  growth is  faster
at the upper levels and results in the upper-level peak of the
CNOP. In EXP_moist, the gradient peaks at both the upper

 

Fig.  4. Wind  (barb,  a  half  barb  denotes  2  m  s−1,  a  full  barb
denotes  4  m  s−1,  and  a  flag  denotes  20  m  s−1),  geopotential
height (contour; units: gpm), and TDE′ (shaded; units: m2 s−2)
of the CNOP for the “7.06” case in EXP_moist at (a) 300 hPa
and  (b)  700  hPa,  and  in  EXP_dry  at  (c)  300  hPa.  The  blue
contours  in  (a)  and  (c)  denote  wind  speed  of  30  m  s−1.  The
blue  line  in  (a),  (b),  and  (c)  denotes  the  westerly  trough
extending  from  the  subtropical  cyclone.  The  inner  red  box
denotes the verification area.

MAY 2022 YU AND MENG 689

 

  



and  lower  levels,  resulting  in  both  the  upper-  and  lower-
level  peaks  of  the  CNOP.  The  results  of  the  other  three
cases  (figure  omitted)  are  consistent  with  the  “7.06”  case.
For the “7.21” case, the gradients also peak at the midlevels
in both experiments, which results in the midlevel peaks of
the CNOPs.

In  the  physics  aspect,  the  distribution  of  the  sensitive
area for the “7.06” case at upper levels is generally consist-
ent with the baroclinicity index (Hoskins and Valdes, 1990;
Hoskins  et  al.,  2000)  shown in Fig.  10a.  This  is  consistent
with previous results, which show that for the dry dynamics,
the  SV  structures  are  typically  located  upstream  and  in
regions of high baroclinicity (Hoskins et al., 2000; Coutinho
et  al.,  2004).  The  baroclinicity  index  is  much  smaller  at
lower levels (Fig. 10b), and the lower-level sensitive area is
located in regions of large specific humidity (Fig. 10c). Res-
ults  for  the  other  three  cases  (figure  omitted)  are  generally
consistent  with  those  of  the  “7.06”  case  in  that  the  upper-
level  sensitive  area  is  located  upstream  and  in  regions  of
high baroclinicity and the lower-level  sensitive area is  loc-
ated in regions of large specific humidity. These results sug-
gest  that  the  upper-level  sensitive  area  is  associated  with
high  baroclinicity,  large  variable  gradients  near  the  tropo-
pause  such  as  large  temperature  gradient,  and  large  wind
shear associated with jets, which cannot be resolved well by

numerical models and thus cause large error growth. These
dynamic features can be captured by both CNOPs with and
without moist physics. The lower-level sensitive area is asso-
ciated with  moist  processes,  which is  usually  accompanied
with large error growth. This thermodynamic feature can be
captured only by the CNOP with moist physics. 

5.    Summary

This study examined the influence of moist physical pro-
cesses on the sensitive area identified by the CNOP method
based on four typical heavy rainfall cases in northern China.
Results  show that  the  CNOP with  moist  physics  identified
sensitive  areas  corresponding  to  both  lower-level  (850–
700  hPa)  and  upper-level  (300–100  hPa)  weather  systems
such as an upper-level  westerly trough or jet  stream, while
the  CNOP without  moist  physics  only  captured  the  upper-
level  weather  systems  and  failed  to  capture  the  sensitive
areas  at  lower  levels  that  are  associated  with  weather  sys-
tems such as a westerly trough, tropical cyclone and its inver-
ted trough, shear line, or lower-level vortex.

The  reasons  for  the  difference  in  identifying  sensitive
areas  with  and  without  moist  physics  can  be  explained  in
both algorithm and physics aspects. In the algorithm aspect,
the gradients of the cost function with respect to initial per-

 

 

Fig. 5. Vertical distribution of hTDE′ (units: m2 s−2) over the corresponding sensitive area in (a–c) EXP_moist and (d–f) EXP_dry
for  (a,  d)  the  “8.14 ”  case,  (b,  e)  the  “7.09 ”  case,  and  (c,  f)  the  “7.21 ”  case.  The  black/red/green  line  represents  the  vertical
distribution of hTDE′ (units: m2 s−2) over sensitive area A/B/C in the corresponding experiment.
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Fig. 6. Sensitive areas (shaded) identified by the CNOP in (a) EXP_moist and (b) EXP_dry for the “8.14” case.
Also shown are wind (barb, a half barb denotes 2 m s−1, a full barb denotes 4 m s−1, and a flag denotes 20 m s−1),
geopotential height (contour; units: gpm), and TDE′ (shaded; units: m2 s−2) of the CNOP in EXP_moist at (c) 300 hPa,
(d) 700 hPa, and (e) in EXP_dry at 100 hPa. The inner red box denotes the verification area. The blue circles in (a)
and (b) denote the sensitive areas. The blue contours in (c) and (e) denote wind speed of 30 m s−1. The blue line in
(c) denotes the westerly trough. The blue line in (d) denotes the inverted trough of the tropical cyclone.
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Fig. 7. Sensitive areas (shaded) identified by the CNOP in (a) EXP_moist and (b) EXP_dry for the “7.09” case.
Also shown are wind (barb, a half barb denotes 2 m s−1, a full barb denotes 4 m s−1, and a flag denotes 20 m s−1),
geopotential  height  (contour;  units:  gpm),  and  TDE′  (shaded;  units:  m 2 s−2)  of  the  CNOP  in  EXP_moist  at
(c) 250 hPa and (d) 850 hPa, and in EXP_dry at (e) 250 hPa. The blue contours in (c) and (e) denote wind speed
of 35 m s−1. The blue line in (d) denotes the shear line. The inner red box denotes the verification area. The blue
circles in (a) and (b) denote the sensitive areas.
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Fig. 8. Sensitive areas (shaded) identified by the CNOP in (a) EXP_moist and (b)
EXP_dry for the “7.21” case. Also shown are wind (barb, a half barb denotes 2 m s−1,
a  full  barb  denotes  4  m  s−1, and  a  flag  denotes  20  m  s−1),  geopotential  height
(contour;  units:  gpm),  and  TDE′  (shaded;  units:  m 2 s−2)  of  the  CNOP  in
EXP_moist  at  (c)  300 hPa,  (d)  500 hPa,  and (e)  700 hPa,  and in  EXP_dry at  (f)
300 hPa and (g) 500 hPa.  The blue contours in (c)  and (f)  denote wind speed of
30 m s−1. The blue line in (d) and (g) denotes the trough extending from the cold
vortex. The inner red box denotes the verification area. The blue circles in (a) and
(b) denote the sensitive areas.
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turbations are different with and without moist physics. The
gradient peaks at both the upper and lower levels with moist
physics,  while  it  only  peaks  at  upper  levels  without  moist
physics. In the physics aspect, the upper-level sensitive area
is associated with high baroclinicity, and these dynamic fea-
tures can be captured by both the CNOPs with and without
moist  physics.  The  lower-level  sensitive  area  is  associated
with  moist  processes,  and  this  thermodynamic  feature  can
be captured only by the CNOP with moist physics. This res-
ult  demonstrates  the  important  contribution  of  the  initial
error of lower-level systems that are related to water vapor
transportation to the forecast error of heavy rainfall associ-
ated  weather  systems,  which  could  be  an  important  refer-
ence for heavy rainfall observation targeting.
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BI ≡ 0.31 f (∂u/∂z) N−1

∂u/∂z

Fig.  10. For  the  “7.06 ”  case.  The  baroclinicity  index
 (f is  the  Coriolis  parameter, N is  the

Brunt-Vaisala frequency, and  is the vertical shear of the
wind u)  (shaded; units:  d−1)  and geopotential  height  (contour;
units:  gpm) at initial time at (a) 300 hPa and (b) 700 hPa. (c)
The geopotential  height  (contour;  units:  gpm) at  700 hPa and
specific humidity below 700 hPa (shaded; units: g kg−1) at the
initial  time.  The  blue  contours  denote  TDE′  of  the  CNOP  in
EXP_moist of 3 m2 s−2 at (a) 300 hPa, (b) 700 hPa, and (c) 700 hPa.
The  blue  line  in  (a),  (b),  and  (c)  denotes  the  westerly  trough
extending from the subtropical cyclone.

 

Fig.  9. Vertical  distributions  of  the  horizontally  integrated
gradient  of  cost  function  with  respect  to  initial  perturbations
(units:  m2 s−2)  in  EXP_moist  (black  line)  and  EXP_dry  (red
line) for the “7.06” case.
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