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ABSTRACT

Whether the initial conditions contain pronounced mesoscale signals is important to the simulation of
the southwest vortex. An eastward-moving southwest vortex is simulated using the PSU/NCAR MM5. A
modest degree of success is achieved, but the most serious failure is that the formation and displacement of
the simulated vortex in its early phase are about fourteen hours later than the observed vortex. Considering
the relatively sparse data on the mesoscale vortex and in an attempt to understand the cause of the forecast
failure, an adjoint model is used to examine the sensitivity of the southwest vortex to perturbations of initial
conditions. The adjoint sensitivity indicates how small perturbations of model variables at the initial time
in the model domain can influence the vortex. A large sensitivity for zonal wind is located under 400 hPa, a
large sensitivity for meridional wind is located under 500 hPa, a large sensitivity for temperature is located
between 500 and 900 hPa, and almost all of the large sensitivity areas are located in the southwestern
area. Based on the adjoint sensitivity results, perturbations are added to initial conditions to improve
the simulation of the southwest vortex. The results show that the initial conditions with perturbations
can successfully simulate the formation and displacement of the vortex; the wind perturbations added to
the initial conditions appear to be a cyclone circulation under the middle level of the atmosphere in the
southwestern area with an anticyclone circulation to its southwest; a water vapor perturbation added to
initial conditions can strengthen the vortex and the speed of its displacement.
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1. Introduction

During the last 20 years the use of adjoints in mete-
orology has been rapidly increasing. Many questions
investigated by model-based, research meteorologists
concern sensitivity; qualitative and quantitative esti-
mates of sensitivity are desired. Conventional sensitiv-
ity is to estimate how much selected measured aspects
of some synoptic features will change if perturbations
are made to variables or parameters. Adjoint methods
provide a new and powerful approach to numerical sen-
sitivity analysis in meteorology. An adjoint model can
be used to identify regions where changes to variables
or parameters have the largest impact on a selected
forecast measure. Meteorologists working with adjoint
models consider them exceptionally powerful model-
ing tools that will enable many outstanding problems
to be solved efficiently and directly (Hall et al., 1982;
Errico and Vukićević, 1992; Rabier and Courtier, 1992;
Langland and Rohaly, 1996; Reed et al., 2001).

The earliest use of adjoint methods in meteorology
can be attributed to Lorenz (1965), who investigated
predictability using tangent-linear and adjoint opera-
tors. Hall et al. (1982) and Hall (1986) demonstrated
that the adjoint approach could be used efficiently to
evaluate parameter sensitivity in atmospheric models.
Recently, the adjoints of some primitive-equation mod-
els have been developed and used in sensitivity studies
by Errico and Vukićević (1992), Rabier et al. (1992),
Errico et al. (1993b), and Rabier et al. (1994). They
have also demonstrated that adjoint sensitivity pro-
vides acceptable accuracy for describing the effects of
perturbations in nonlinear models.

Adjoint methods are useful tools for many studies
that require an estimate of sensitivity of model output
(i.e., a forecast) with respect to input. Actual fields of
sensitivity are produced directly and efficiently. Com-
pared with conventional sensitivity tests, the adjoint
methods have several advantages. A single adjoint run
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Fig. 1. The streamlines of the observed vortex at 850 hPa at (a) 0000 UTC 26 (b) 1200 UTC 26 (c) 0000 UTC 27 (d)
1200 UTC 27 (e) 0000 UTC 28 June 1999. The square shown in (c) is the area over which the mean forecast vorticity
is to be selected as J in the adjoint model.
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Fig. 2. The simulations of streamline of the control experiment at 850 hPa at (a) 1600 UTC 26 (b) 2200 UTC 26 (c)
1400 UTC 27 (d) 0000 UTC 28 June 1999.

can provide the sensitivity to all model variables and
parameters. Similar guidance can be obtained from
conventional sensitivity tests only by re-running and
successively perturbing each variable in the initial con-
ditions. In a conventional sensitivity test, it is not
usually known in advance which variable or parameter
has the most influence on the forecast, so a given ex-
periment may not relate to the most significant vari-
able. In an adjoint experiment, a forecast aspect is
selected as a starting condition, the adjoint model de-
termines, in a quantitative sense, the sensitivity gra-
dients of the forecast aspect with respect to perturba-
tions of all variables at the initial time. This allows
identification of some important sensitivity effects. In
these regions of high sensitivity, small perturbations
can grow rapidly and strongly influence the growth of
the forecast error.

The southwest vortex is one of the main distur-
bance systems in the Meiyu (Baiu) front. Formations,

movements, and evolutions of the southwest vortex
have been studied by many researchers for a long time
(Wu and Chen, 1985; Kuo et al., 1986; Cheng and
Kuo, 1990; Wang et al., 1993; Chen et al., 1997). Be-
cause of its small scale, the southwest vortex is diffcult
to resolve with a conventional rawinsonde having rel-
atively lower temporal and spatial resolutions. So it
is difficult to predict and simulate the southwest vor-
tex, especially in the Daba and Wu mountains in the
middle reaches of the Yangtze River where the ter-
rain strongly influences its motion. Southwest vortices
usually stagnate in the area of Daba mountain, then
suddenly move east and develop, and generate intense
precipitation in the lower reaches of the Yangtze River.
A heavy rainfall process took place in the middle and
lower reaches of the Yangtze River during 22–30 June
1999. The analysis shows that several mesoscale cy-
clone disturbances along the Meiyu front are heavily
responsible for this intense precipitation process, espe-
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Fig. 3. The vertical profiles of maximum normalized ad-
joint sensitivity (absolute) to zonal wind (u) (solid), merid-
ional wind (v) (long dashed), and temperature (T ) (short
dashed) at initial time.

cially an eastward-moving southwest vortex originat-
ing from the southwestern area on 26 June 1999.
An attempt to simulate this southwest vortex with a
mesoscale model met with some failures. Upon the
formation and displacement in its early phase, the
simulated vortex occurred much later than the ob-
served vortex,especially when moving through the area
of Daba mountain. Cheng and Kuo (1990) pointed
out that whether the initial fields (IC) appear to con-
tain pronounced mesoscale circulation signals would
have a large impact on the results of numerical ex-
periments of cyclones. In this paper, considering the
conventional data with relatively lower spatial res-
olution, some sensitivity experiments are conducted
in the belief that the major forecast errors could re-
sult from uncertainties in initial conditions using the
Penn State/NCAR MM5 and an adjoint model. The
PSU/NCAR MM5 mesoscale model, experiment de-
sign, and adjoint model are described in section 2. In
section 3 we describe the results of the experiments,
adjoint sensitivity, and the initial perturbations added
to initial conditions based on adjoint senstivity. Sec-
tion 4 gives the conclusions and a discussion of this
study.

2. Model and experiment design

The model used to simulate the southwest vor-
tex is the nonhydrostatic version, MM5, of the Penn
State/NCAR Mesoscale Model (Grell et al., 1994).
The model configuration includes a coarse mesh of 90
km grid size and a fine mesh of 30 km grid size. Do-
main size is 50@70 grid points for the outer, coarse
domain, which covers China, and 70@91 for the in-
ner, fine domain covering all the reaches of the Yangtze

River. In the vertical direction, 23 σ levels are set up
for the simulation (surface pressure level to 100 hPa).
The model employs the Anthes-Kuo convective pa-
rameterization for the coarse domain and Kain-Fritsch
(KF) convective parameterization for the fine domain,
and the Blackadar High Resolution (BHR) Planetary
Boundary-Layer (PBL) parameterization. The MM5
model is initialized at 0000 UTC 26 June 1999 and
the forecast length for the MM5 run is 48 hours (i.e.,
the simulation ends at 0000 UTC 28 June 1999). The
initial fields (IC) are provided by interpolation to the
mesoscale grid of the background 2.5◦×2.5◦ latitude-
longitude fields, produced by TOGA analysis. And,
3-hourly surface observations and 12-hourly upper-air
sounding data are included through objective analysis
to improve the initial fields.

In this study, we use an adjoint model to evaluate
the sensitivity of the eastward-moving southwest vor-
tex with respect to perturbations of the initial fields.
The objectives are to analyze the adjoint sensitivity
and add perturbations to the initial fields based on
the adjoint sensitivity, then re-run the MM5 model
to test how much the initial perturbations influence
the simulation of the southwest vortex. In this paper,
the simulation without initial perturbations is called
the control experiment, and the simulation with ini-
tial perturbations is called the sensitivity experiment.

The adjoint model is version 1 of the NCAR
Mesoscale Adjoint Modeling System (MAMS1, Errico
et al., 1994). MAMS consists of a nonlinear fore-
cast model (NLM), associated tangent-linear model
(TLM), and an adjoint model (ADJM). The nonlin-
ear model is a regional, primitive-equation, sigma-
coordinate, mesoscale forecast model that is based on
the Penn State/NCAR mesoscale model. The gov-
erning equations are very similar to the PSU/NCAR
model governing equations. The tangent-linear model
is derived by linearizing the NLM spatial and tempo-
ral operators. The adjoint model is the exact adjoint
of the the TLM. The ADJM solution represents, by
definition, the gradients of a forecast aspect with re-
spect to the input variables or parameters. The adjoint
model configuration in this study can only include one
mesh of 90 km grid size, and the domain size is 50×70.
Because the configuration of the MM5 run includes a
coarse mesh and a fine mesh, the adjoint sensitivity of
the fine domain is interpolated from that of the coarse
domain.

To perform an adjoint-model run, a forecast mea-
sure (J) must be selected in advance. The adjoint
model determines the sensitivity of this forecast mea-
sure with respect to initial perturbations. This forecast
measure can be any variable including central pres-
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Figure  4

Fig. 4. Fields of normalized adjoint sensitivity to zonal wind (u) at initial time at (a) σ=0.225 (b) σ=0.525 (c)
σ=0.825 (d) σ=0.945.

sure, central vorticity, and total amount of rainfall.
The change of J caused by initial perturbations can
be written approximately as:

J ′ =
∑

j

∂J

∂xj(n)
x′j(n) , (1)

where the primes denote perturbations, and x and n
denote model variable and time respectively. For suf-
ficiently small x′, we can approximate:

x′j(n) =
∑

j

∂xj(n)

∂xi(n−1)
x′i(n−1) . (2)

Hence, adjoint sensitivity can be defined as:
∂J

∂xi(n−1)
=

∑
j

∂xj(n)

∂xi(n−1)

∂J

∂xj(n)
, (3)

where ∂xj(n)/∂xi(n−1) are determined by slopes of
tangents to trajectories of the state variables in the
nonlinear forecast model, and ∂J/∂xj(n) are given in
advance.

Note that the adjoint operates backward in the
sense that it determines a gradient with respect to
input from a gradient with respect to output. This
would appear as an integration backward in time in a
continuous model.

There are some natural limitations to the applica-
bility of adjoint methods, given that adjoints are based
on a linearization of model equations. And adjoint
derived perturbations do not necessarily show where
errors in forecast initial conditions are. Neither does
an adjoint result (i.e., pattern of sensitivity) neces-
sarily indicate which locations or fields are most im-
portant in producing the forecast. But since it does
indicate where sensitivity is greatest, it provides an
invaluable piece of information required to determine
what is most important.

3. Results of the control experiment and
sensitivity experiment

3.1 Results of the control experiment

Figure 1 presents the 12 hourly stream fields of the
observed vortex at 850 hPa from 0000 UTC 26 to 0000
UTC 28 June 1999. Figure 2 gives stream fields of the
simulated vortex at 850 hPa at 16 h, 22 h, 38 h, and
48 h. It should be noted that the times of the stream-
lines given in Fig. 2 are not similar to those in Fig. 1.
Because the locations of the simulated vortex at those
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Fig. 5. Fields of normalized adjoint sensitivity to meridional wind (v) at initial time at (a) σ=0.225 (b) σ=0.525 (c)
σ=0.825 (d) σ=0.945.

times are closest to those in Fig. 1, the streamlines of
the simulated vortex at those times are given for con-
venience of comparison. Both analysis and simulation
show that there is a southwest vortex moving east-
ward to the lower reaches of the Yangtze River. Ini-
tially there is a northeast-southwest wind shear line
in Sichuan and Yunnan provinces (Fig. 1a). There-
after, the vortex forms and enters into West Hubei at
1200 UTC 26 June 1999 (Fig. 1b). Then the vortex
moves through the Daba mountain at 0000 UTC 27
June 1999 (Fig. 1c), and moves east to the north of
Wuhan at 1200 UTC 27 June 1999 (Fig. 1d). At last
it moves to the lower reaches of the Yangtze River
where it causes heavy rainfall (Fig. 1e).

According to Fig. 2, a southwest vortex begins to
form in the southwestern area by the end of the 16 h
simulation (Fig. 2a). This southwest vortex develops
slowly and moves northeast. It enters into the moun-
tainous district in East Sichuan and West Hubei to
the south of Daba mountain in the middle reaches of
the Yangtze River at 22 h, where the southwest vor-
tex remains stagnant (Fig. 2b). At about 38 h, the
southwest vortex moves through the Daba mountain
(Fig. 2c), and moves east to the lower reaches of the

Yangtze River (Fig. 2d). Clearly, the major shortcom-
ing of the simulation is that the formation and dis-
placement of the simulated vortex in its early phase
are much later than the observed vortex. This may
be attributed to the initial conditions which cannot
contain enough mesoscale circulation signals because
of the relatively sparse conventional data. Hence, per-
turbations are to be added to the initial conditions
to examine how much the simulation of the southwest
vortex can be improved.

3.2 Sensitivity analysis

The adjoint model MAMS is used to analyze the
sensitivity of the southwest vortex with respect to per-
turbations of the initial conditions. The purpose is to
understand the sensitivity of the vortex to initial con-
ditions and add perturbations to the initial conditions
based on the adjoint sensitivity. Because the major
error lies in the simulation of the formation and dis-
placement of the vortex in its early phase, and the
vortex is still in its early phase before 0000 UTC 27
June 1999, we select the mean vorticity (ζ) in the cen-
tral area of the observed vortex at 850 hPa at 0000
UTC 27 June 1999 (Fig. 1c) as the forecast aspect (J)
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Figure  6
Fig. 6. Fields of normalized adjoint sensitivity to temperature (T ) at initial time at (a) σ = 0.225 (b) σ = 0.525
(c) σ = 0.825 (d) σ = 0.945.

in the adjoint model. That is, ∂J/∂ζ = 1 in the central
area of the observed vortex at 850 hPa at 24 h is the
starting condition for the adjoint model, with zero in
the other areas. The adjoint sensitivity presents how
changes to model variables will influence the vorticity
in the centre of the vortex at the 24 h forecast. All
results correspond to this forecast aspect.

In order to reveal the vertical distribution of the
adjoint sensitivity of the southwest vortex with re-
spect to initial fields, Fig. 3 shows the vertical pro-
files of maximum sensitivity (absolute) of the vortic-
ity in the centre of the observed vortex at 850 hPa
at 24 h with respect to wind components (u, v) and
temperature at initial time. The sensitivity values
in Fig. 3 have been normalized by the expression,
Rijk = 10.0× | rijk | /max | rijk |, where rijk rep-
resents the adjoint sensitivity, that is rijk = ∂J/∂x,
where x denotes a model variable. According to Fig.
3, the adjoint sensitivity to zonal wind has two max-
imums, at 950 hPa and at 600 hPa. Large sensitivity
to zonal wind is located under 400 hPa. The adjoint
sensitivity to meridional wind also has two maximums,
at 950 hPa and at 800 hPa respectively, and a large
sensitivity is located under 500 hPa. A large sensi-

tivity to temperature is located between 500 and 900
hPa with a maximum at 700 hPa. Evidently, pertur-
bations of a given size under the middle level of the
atmosphere have more influence on the southwest vor-
tex than those above, so minor erroneous soundings
or sparse data under the middle level may strongly
influence the simulation of the southwest vortex.

To understand the horizontal distribution of ad-
joint sensitivity, Figs. 4, 5, and 6 give fields of ad-
joint sensitivity to initial zonal wind, meridional wind,
and temperature, respectively, at four sigma levels
(σ=0.225, 0.525, 0.825, 0.945). The sensitivity val-
ues in the figures have also been normalized by the
expression Rijk = 10.0 × rijk/max | rijk |. Accord-
ing to the figures, sensitivity in the low levels is much
larger than that in the upper levels, with many large
sensitivity centres in the low and middle levels. There
is a maximum centre of 10.0 of adjoint sensitivity to
zonal wind and temperature respectively, and a max-
imum centre of –9.0 of sensitivity to meridional wind
at the σ=0.945 level (Figs. 4d, 5d, and 6d). The max-
imum sensitivity to zonal wind, meridional wind, and
temperature are only 3.11, –3.52, and 3.40 respectively
in the upper level (σ=0.225). As shown in the figures,
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Figure  7
Fig. 7. Perturbed wind vector (scale at lower right) at (a) σ=0.225 (b) σ=0.525 (c) σ=0.825 (d) σ=0.945.

almost all of the large sensitivity centers are located
in the south of the Yangtze River, in the southwestern
area from where the southwest vortex originates. The
adjoint sensitivity in the north of the Yangtze River is
relatively small and almost zero. It is apparent that
perturbations in the southwestern area have more in-
fluence on the evolution of the southwest vortex.

3.3 Adjoint-based initial perturbations

In order to understand the cause of the forecast
failure of the control experiment and to improve the
simulation of the southwest vortex, the initial pertur-
bations are added to the initial conditions (IC) based
on the adjoint sensitivity. The perturbation 4u of the
zonal wind component at the initial time, for instance,
is determined from the expression:

4u = usc

∂J

∂uijk

max
∣∣∣∣ ∂J

∂uijk

∣∣∣∣ , (4)

where ∂J/∂uijk represents adjoint sensitivity with re-
spect to u at all grid points at initial time, “max” de-
notes the maximum value of adjoint sensitivity in the
three-dimensional domain, and usc denotes an arbi-

trary constant scaling factor which indicates the max-
imum value of perturbation. The scaling factors em-
ployed in the study are 4 m s−1 for u and v and 2C
for T (abbreviated as V4T2).

Figure 7 depicts the perturbed wind vector at four
σ-levels (σ=0.225, 0.525, 0.825, 0.945) based on V4T2
scaling. Major features of the perturbed flow fields are
a pronounced cyclone circulation in the southwestern
area with an anticyclone circulation to its southwest at
σ=0.525, 0.825, 0.945 respectively (Figs. 7b, c, d), and
a converging line in the middle reaches of the Yangtze
River at the σ=0.825 level. The centers of the cyclone
and anticyclone circulations appear to tilt northward
with height. There is a warm center of temperature
perturbation in all levels in the southwestern area (not
shown). Clearly, the initial perturbation fields based
on adjoint sensitivity appear to show some pronounced
mesoscale signals.

3.4 Results of sensitivity experiment

Wind (u, v) and temperature perturbations are
added to the initial conditions in this sensitivity ex-
periment. Figure 8 presents stream fields of the simu-
lated vortex of the sensitivity experiment at 850 hPa.
The simulated southwest vortex forms and begins to
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Fig. 8. The simulations of streamlines of the sensitivity experiment at 850 hPa at (a) 0800 UTC 26 (b) 0000 UTC 27
(c) 1200 UTC 27 (d) 0000 UTC 28 June 1999.

move eastward at 8 h (Fig. 8a). By the end of the
24 h simulation, the vortex moves through the Daba
mountain in the middle reaches of the Yangtze River
(Fig. 8b), the same as the observed vortex (Fig. 1c).
At 36 h, the vortex moves eastward to the north of
Wuhan (Fig. 8c), and arrives at the lower reaches of
the Yangtze River at 48 h (Fig. 8d). Compared with
the observed vortex, the simulated southwest vortex
is no longer later in its formation and displacement.
The southwest vortex of the sensitivity experiment has
much more resemblance to the observed vortex than
the control experiment in time and space. In sum-
mary, much more success is achieved in the sensitivity
experiment.

3.5 Rainfall analysis

Figure 9 reveals the 48 h accumulated precipita-
tion from 0000 UTC 26 June to 0000 UTC 28 June
1999 of (a) observation, (b) control experiment, and
(c) sensitivity experiment. Clearly, the intense pre-

cipitation band is located in the middle and lower
reaches of the Yangtze River with two main maxi-
mum centers, one in the Huangshan mountain and the
other in Sichuan Province (Fig. 9a). Both the control
experiment and sensitivity experiment reproduce the
precipitation band and the precipitation center in the
Huangshan mountain area remarkably well only with
weaker intensity, but they cannot simulate the precip-
itation center in Sichuan province successfully. Both
experiments simulate two precipitation centers in the
southwestern area, away from the observed precipita-
tion center. The precipitation of the sensitivity exper-
iment is relatively much more intense than in the con-
trol experiment, which may be attributed to the fact
that the formation and displacement of the simulated
vortex are much earlier in the sensitivity experiment.

3.6 Sensitivity experiment of water vapor

According to Chen et al. (1997), the latent heat re-
lease is one of the main bases of energy for the main-
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Fig. 9. The 48 h accumulated precipitation (mm)
from 0000 UTC 26 to 0000 UTC 28 June 1999 of (a)
observation, (b) control experiment, and (c) sensitivity
experiment.

tenance and development of the southwest vortex. Be-
cause of the weaker intensity and precipitation of the
simulated vortices in both the control and sensitivity
experiments, a perturbation based on the adjoint sen-
sitivity to initial water vapor (not shown) is added
to the initial water vapor field, besides the pertur-
bations of wind and temperature. The results show
that the perturbation added to the initial water vapor
field strengthens the intensity of the vortex and its dis-
placement speed. It also intensifies the precipitation
in the southwestern area, but has little influence on
the precipitation in the lower reaches of the Yangtze
River. This may be attributed to the forecast measure
in the adjoint model selected for 0000 UTC 27 1999
when the vortex is still located in the middle reaches

of the Yangtze River. The water vapor perturbation
strengthens the intensity of the vortex and precipita-
tion before 0000 UTC 27 1999 in the middle reaches
of the Yangtze River.

4. Conclusions and discussion

The PSU/NCAR mesoscale model MM5 is em-
ployed to investigate an eastward-moving southwest
vortex in this study. Adjoint sensitivity is examined
for the vortex with respect to perturbations of initial
fields using the adjoint model MAMS. In this case,
the sensitivity describes how perturbations can inten-
sify the central vorticity of the vortex. Perturbations
based on adjoint sensitivity are added to the initial
conditions (IC) in an attempt to improve the simula-
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tion of the vortex development and movement. The
principal findings of this study are as follows:

(1) The simulation of the control experiment with-
out perturbations in initial fields has some failures in
simulating the formation and displacement of the vor-
tex in its early phase. Compared with the observed
vortex, the simulation of the formation and displace-
ment of the vortex in its early phase is about fourteen
hours later. The simulation of the sensitivity exper-
iment with perturbations added to initial conditions,
based on the adjoint sensitivity, successfully simulates
the formation and displacement of the vortex.

(2) The adjoint results show that a large sensitivity
to zonal wind at the initial time is located under 400
hPa with two maximums, at 950 hPa and 600 hPa; a
large sensitivity to meridional wind is located under
500 hPa also with two maximums, at 950 hPa and 800
hPa; a large sensitivity to temperature is located be-
tween 500 and 900 hPa with a maximum at 700 hPa;
and almost all of the large sensitivity areas are located
in the southwestern area from where the southwest
vortex originates. Clearly, the initial conditions under
the middle level of the atmosphere in the southwest-
ern area are likely to have a relatively large impact on
forecast skill.

(3) The perturbed wind fields added to initial con-
ditions based on V4T2 scaling of the adjoint sensitivity
appear to contain some pronounced mesoscale circula-
tion signals. There is a cyclone circulation under the
middle level in the southwestern area with an anticy-
clone circulation to its southwest, and a converging line
in the low level in the middle reaches of the Yangtze
River in the perturbed flow fields.

(4) The perturbation added to the initial water va-
por field strengthens the intensity of the vortex and its
displacement speed, and intensifies the precipitation in
the southwestern area, but it has little contribution to
precipitation in the lower reaches of the Yangtze River.

The results of the numerical experiments in this
study indicate that the success or failure of the simu-
lation of the southwest vortex evolution depends heav-
ily on whether the initial conditions appear to contain
pronounced mesoscale circulation signals related to the
southwest vortex. But because of its small scale, it is
hard for conventional data with relatively low spatial
and temporal resolutions to resolve the southwest vor-
tex. The simulation and prediction of the southwest
vortex is strongly influenced. The adjoint methods
provide an efficient means for determining initial con-
dition sensitivity and can provide considerable physi-
cal insight, including information not easily obtained
from conventional sensitivity testing. It remains for
further study to verify the generality of the adjoint-

sensitivity results for other southwest vortices.
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