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ABSTRACT

An adjoint model that includes precipitation physics is applied to four synoptic cases in order to
compare the sensitivities of both convective and non-convective precipitation rates with respect to initial
perturbations of temperature, water vapor mixing ratio, vorticity or divergence. These are contrasted
with sensitivities of barotropic vorticity. Forecast periods between 1 and 24 h are investigated. Root-
mean-square values of the sensitivities as a function of vertical coordinate and field are presented as
well as time series of impacts of optimal perturbations weighted by initial variances of uncertainties
in the fields. For all the forecast aspects and cases considered, the greatest sensitivity and impacts are
with regard to the temperature field. Precipitation is equally sensitive to vorticity and divergence, but
when their relative uncertainties are considered, impacts of the vorticity dominate those of divergence.
Precipitation is sensitive to initial specific humidity, but so is barotropic vorticity within a cyclone. The
sensitivities of precipitation were not found to increase with forecast periods as much as the sensitivities
to vorticity, suggesting that even within the same synoptic feature, different processes are responsible
for the development of these distinct characteristics. Although comparison with corresponding impacts
in the nonlinear model suggests that a 24 h period is too long for the adjoint-estimated precipitation
impacts to be good approximations to the nonlinear results in some of the cases, 6-h adjoint-estimated

results appear useful.

1. Introduction

For many purposes it is important to know the rela-
tive sensitivities of some forecast aspect with respect
to different initial fields. For example, as a first attempt
to assimilate accumulated precipitation data, how ap-
propriate is it to ignore adjustments of temperature
and wind compared with those of moisture? Or, for
short-term forecasts of cyclonic storms, what poten-
tial effects can initial errors of moisture or velocity
divergence have compared with errors in temperature
or vorticity? Can initial moisture perturbations be ig-
nored in estimating the mean predictability of the at-
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mosphere? Answers to such questions are often critical
to making rational decisions regarding data assimila-
tion and to increasing understanding of atmospheric
behavior in general.

Many sensitivity studies have been reported in the
literature, but most have been conducted using forward
models that propagate specified initially perturbed
fields in time (e.g., Anthes et al., 1985; Errico and
Baumhefner, 1987; Mullen and Baumhefner, 1989;
Stensrud et al., 2000, and references therein). Com-
parison with an unperturbed forecast is interpreted as
asensitivity. Such results are more properly interpreted
as impacts, however, with little revealed about the sen-
sitivity with respect to other perturbations not explic-
itly examined. Indeed, such results can be misleading
concerning the sensitivity of other, unexamined, ini-
tial perturbation structures (see, e.g., Langland et al.,
1995; 1996; Lewis et al., 2001).
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Another method of determining sensitivities is to
use a model’s adjoint (e.g., Hall et al., 1982; Errico,
1997). The adjoint, derived from a forecast model, ef-
ficiently propagates sensitivities of scalar functions of
the forecast model’s output backwards in time to de-
termine corresponding sensitivities with respect to the
model’s input (e.g., values of initial or boundary condi-
tions). If interest is focused on only a small number of
measures of aspects of a model forecast, then only that
number of executions of the adjoint model are neces-
sary in order to determine their sensitivity with respect
to all possible perturbations of every input variable.
The limitation of this approach is that the sensitivities
obtained yield only linear estimates of potential im-
pacts. For sufficiently large perturbation magnitudes
or highly nonlinear and perhaps discontinuous phys-
ical equations, therefore, the adjoint results may also
be misleading (Errico and Raeder, 1999). For an in-
troduction to adjoint models and their uses, see Errico
(1997).

Attention in this report is focused on sensitivities
of forecasts of either precipitation rates or barotropic
cyclonic vorticity with respect to model initial fields.
The latter is considered primarily to contrast the sen-
sitivity of a dynamic field to that of precipitation. The
initial fields considered are the vertical component of
vorticity, horizontal wind divergence, temperature and
water-vapor mixing ratio. Magnitudes of sensitivities
are examined as functions of the model vertical co-
ordinate. Ranking of the sensitivities is performed by
considering optimal structures having amplitudes con-
sistent with crude estimates of the uncertainty of the
initial fields. Our objective is focused on these magni-
tudes and rankings, but not on the synoptic interpreta-
tions of the sensitivity fields.

The forecast model and the forecast aspects inves-
tigated are both described in section 2, followed by a
brief description of the examined synoptic cases in sec-
tion 3. The resulting magnitudes of sensitivity fields
are described in section 4 and the rankings of different
fields in terms of optimal perturbations are described in
section 5. In section 6, the validity of the linearization
upon which the adjoint results are based is examined.
Conclusions are presented in section 7.

2. Model and forecast aspects
The model used here is the Mesoscale Adjoint Mod-

eling System (denoted as MAMS?2) described in Errico
and Raeder (1999). Pertinent details are that it uses the
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primitive equations defined using o = (p — p,)/(ps —
po) as the vertical coordinate, where p is pressure, p,
is the model top and p; is the surface pressure. At the
model’s top and surface, the o -coordinate velocity ()
is specified as 0. Prognostic fields are defined within
a regional domain on a Lambert conformal horizon-
tal grid on 20 o-levels (in addition to the surface),
each with an equal thickness Ao =0.05. Horizontal
resolution varies with the case investigated, as de-
scribed later. Lateral boundaries are modeled using
a Davies and Turner (1977) relaxation scheme acting
within eight points of the grid edges. Time steps are
centered differences except for the initial step that is
forward in time. Dry diabatic processes include verti-
cal and horizontal diffusion, bulk formulation of the
planetary boundary layer, dry convective adjustment
and a prognostic surface temperature over land. Moist
diabatic processes include convective (Moorthi and
Suarez, 1992) and stratiform precipitation and effects
of relative-humidity determined clouds on radiation at
the surface. A nonlinear vertical mode initialization
scheme (Bourke and McGregor, 1983) is applied to
the first two vertical modes. The model’s adjoint ver-
sion is exact except for some minor approximations
applied for computational efficiency as described in
Errico and Raeder (1999). See Errico et al. (1994) for
full description of its parent model (MAMS]1).

The model initial conditions include three-
dimensional fields of vector wind components (V),
temperature (7)) and water-vapor mixing ratio (g), and
two-dimensional fields of p, and surface temperature.
Here we shall consider the wind in terms of its ver-
tical component of vorticity (¢) and horizontal diver-
gence (§). Only sensitivities with respect to the three-
dimensional fields are investigated.

All the forecast aspects are measured at the end of a
24-h model prediction. This end time is denoted hour
0, in accordance with the convention used for adjoint
sensitivities by Errico and Vukiéevi¢ (1992), so that the
sensitivity fields refer to prior times # < 0. The units of
¢t will be hours, so that an expression such as — > 6
refers to possible initial times 6 h or longer before the
end of the forecast.

Sensitivities at various times prior to the end of the
forecast are determined in a single execution of the
adjoint model. At each desired adjoint output time,
the adjoint field values are saved and then the ad-
joint of a forward step and vertical mode initialization
are executed and output. Subsequently, the backward-
in-time adjoint execution continues by retrieving the
saved values and proceeding with the adjoint of a
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centered time step. By this formulation, the sensitivi-
ties at intermediate times are exactly as though a fore-
cast were to begin at that time. The one discrepancy is
that the trajectory used for the adjoint’s linearization
is the original one produced by the nonlinear model
for the forecast beginning at # = —24 h rather than one
beginning somewhere 0 > ¢ > —24. For any exper-
iment, the sensitivities denoted for any time are for
forecasts ending at the same ¢ = 0.

One forecast aspect considered is an area-mean
barotropic vorticity determined for a box specified

by all pairs of horizontal grid indices i =iy, ..., iy,
Jj =Ji,..., j. This aspect is computed as
1 2,2 K
Je== Y30 Gijalt = 0)Ao, 2.1)
i=iy j=j1 k=1

where N = (i, —i; + 1)(j» — j1 + 1) is the number
of horizontal grid points in the selected area. Accord-
ing to Stoke’s theorem, at ¢ = 0 this J is only sensitive
to wind components tangent to the sides of the box.
Thus, sensitivities with respect to earlier times only
concern possible effects of perturbations on the sub-
sequent forecast of those particular wind components.

The rates of convective and non-convective precipi-
tation at the surface at + =0 are denoted as R¢ and Ry,
respectively. The other primary forecast aspects con-
sidered are area—mean values of these rates, denoted
respectively as Jc and Jy. These means are computed
over a contiguous subset of grid points as indicated in
some following figures.

In taking the area-mean, the horizontal areas asso-
ciated with each grid point are treated as though they
are identical. On the MAMS2 grid, they are not ac-
tually equal, but nearly so (varying by less than 5%
from the mean grid-box area). For convenience, those
variations are neglected, both in defining any of the
Js and in presenting sensitivity fields. Since the grid
spacing Ao is k-independent, the vertical grid spacing
is also neglected in presenting values of the sensitiv-
ity fields. For the MAMS2 grids used here, this is a
good approximation to a norm defined by an integral
over horizontal area and o. For further discussion of
the motivation for this implied norm, see Lewis et al.
(2001).

3. Case descriptions

Four synoptic cases are examined. Two are winter
cases and two are summer ones. All four have signifi-

cant precipitation occurring within their domains. The
cases are chosen for their differences, particularly re-
garding their dynamics, rather than their similarities,
in order to enhance the likelihood of obtaining a range
of results that would be more comprehensive than per-
haps otherwise.

Case W1 is a 24-h forecast beginning 0000 UTC
14 February 1982. It is dominated by an explosively
deepening cyclone off the Atlantic Coast of North
America. This is the same case whose leading singu-
lar vectors are described in Ehrendorfer et al. (1999),
Errico and Raeder (1999) and Errico (2000a; 2000b),
except produced with twice the vertical resolution
here. The horizontal grid spacing is Ax = 120 km and
p.=10 hPa.

Case W2 is a 24-h forecast beginning 1200 UTC
11 January 1996. Like case W1, it produces a winter
cyclone. Unlike case W1, however, its development
occurs predominantly over land. Its Ax =80 km and
pi= 10 hPa are identical to those for case W1.

Case S1 begins 00 UTC 12 June 1989 and ends 24 h
later. It is dominated by two regions of precipitation:
a convective region stretching between New Mexico
and Tennessee, and a non-convective region stretch-
ing between Southern Manitoba and Lake Michigan.
Its dynamics, measured in terms of both wind and tem-
perature gradients, are much weaker than in the winter
cases. The horizontal grid spacing for this case is 80 km
and p, = 100 hPa.

Case S2 begins 1200 UTC 16 June 1997 and ends
24 hlater. Itis dominated by aregion of non-convective
precipitation over New England, and a region of con-
vective precipitation along a frontal band stretching
between Texas and Pennsylvania. Its Ax = 80 km, but
py=10 hPa.

Sensitivities of J, are examined only for the win-
ter cases since our primary interest is actually in the
precipitation measures. Fields of ¢ on the o =0.925
surface at hour 24 of the two forecasts appear in Fig. 1.
The regions where J; is measured are indicated by the
squares in the figures. These are centered on the points
of minimum surface pressure within the respective
cyclones.

In case W1, the maximum ¢ is approximately 4 x
10~*s~!, and large values occur throughout most of the
troposphere, so that J; =7.3 x 1073 s7L. In case W2,
the maximum ¢ within the cyclone is approximately
1.2 x 107*s~! and significant vorticity extends only
within the range o > 0.5, so that J; = 3.9 x 107°s~!
Both the structures and intensities of the cyclones in
the two cases are therefore different.
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Fig. 1. The forecast { on the o =0.925 surface at hour 24
of the forecasts for cases (a) W1 and (b) W2. The contour in-
tervalis 4 x 107 s~!. The locations where J; are calculated
for the two cases are shown in the respective figures as the
large squares.

Fields of Ry at hour 24 for the four forecasts are
presented in Fig. 2. The region within which Jy is
measured for each case is indicated with the corre-
sponding field. Values of Jy for cases W1, W2, S1,
and S2 are (in kg m=2 d~') 28.2, 29.8, 28.7 and 38.7,
respectively. Note that not all the points in the region
where Ry is measured are precipitating ones.

Fields of R at forecast hour 24 are shown in Fig. 3,
with boxes for the respective Jc indicated. Values of
Je for cases W1, W2, S1 and S2 are (in kg m™2 d~1)
12.1, 15.3, 11.2 and 48.4, respectively.

4. Magnitudes of sensitivities
The impact of a perturbation on a forecast aspect
depends not only on the sensitivity of that aspect

but also on the magnitude and structure of the spe-
cific perturbation. It is therefore non-trivial to discern
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the general relative importance of perturbation fields
from consideration of their corresponding sensitivity
fields alone. This is most obviously true when fields
have different physical units, so that their correspond-
ing sensitivity fields have different units (e.g., con-
sider comparing 9Jx/3¢ =6 x 10" kgm=2d~'s™!
with 8Jx/0T =2 x 103 kgm=2d~' K=!). Even for a
single field, however, it may be unreasonably restric-
tive to consider a single, typical perturbation magni-
tude at all locations; e.g., a perturbation value of 103
for ¢ would be unreasonably large for perturbations
high in the atmosphere, but 10~7 would be extremely
small for g perturbations near the surface. Further-
more, not just magnitudes but also reasonable struc-
tures (e.g., spatial scales) of perturbations should be
considered when estimating importance.

While appropriate magnitudes of perturbations for
the dynamic fields, e.g. based on the variance of their
initial errors, do not have as great a vertical variation as
for the ¢ field, such vertical variation may still be sig-
nificant. For this reason, a simple but meaningful pre-
sentation of magnitudes of sensitivity should at least
discern the vertical distribution of those magnitudes.
The root-mean-square (rms) values of the sensitivity
fields are therefore presented in this section as func-
tions of . This will be denoted by a tilde (7) atop the
field symbol, with a subscript indicating which J is
being considered; e.g., the rms value of dJ, /0T will
be denoted T;. Consideration of further details of the
spatial structures of appropriate perturbations appears
in the section on impacts.

It is possible to meaningfully compare values of ¢
and 8. Comparison between those and rms values of
either 7 or g are not possible, however, without fur-
ther constraints applied. Comparisons of the latter kind
will therefore be postponed until the section on im-
pacts. Consideration of the differences in appropriate
perturbation magnitudes for ¢ and § fields for compar-
ison of their respective fields of sensitivity will also be
postponed until then.

4.1. Sensitivity of I,

At t =0, J; is only sensitive to ¢. This sensitivity is
only nonzero within the verification box and is iden-
tical on all o-surfaces since Ao is constant. Only for
—t > 0 do the dynamics and physics have time to act
so other fields can influence J,.

The rms sensitivities of J; as a function of o at
t = —12 for case W1 appear in Fig. 4a. Values for ¢,
are a maximum near the model’s top and bottom with
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Fig. 2. Ry at hour 24 of the forecasts for cases (a) W1, (b) W2, (c) S1 and (d) S2 with contour intervals 20 kg m~2d~!. The
location where Jy is calculated for each case is shown as a rectangle in the respective figures.

a minimum at o = 0.325, but with the ratio of maxi-
mum to minimum values less than 2.5. This pattern is
evident at all —z > 1, although the exact levels where
maximum and minimum values occur, as well as the
range between those values, differ slightly. Values for
35 are a minimum at the uppermost o -level, with ratios
of maximum to minimum values as large as 5. Values
of £, are more than twice those of §, at the same o-
levels. These ratios are greater at times closer to  =0.
The peaks in 7, occur in mid-atmosphere, in agree-
ment with results reported by Langland et al. (1995),
Rabier et al. (1996), Klinker et al. (1998), Hoskins
et al. (1999) and Gelaro et al. (2000), using the same
or other models. The peak in g, also occurs in mid
atmosphere.

Figure 4b is like Fig. 4a, except for case W2. Sim-
ilarly to case W1, ¢, is more than twice &, at all

o -levels, and the peaks in 7; and §, occurnearo =0.5.
These peaks are not as dramatic, however, as those for
case W1. Furthermore, there is no significant peak in
¢, near the model top, and in fact, for — > 12, Z, is a
minimum at the topmost o-level. This may be related
to the fact that the dynamics of the reference cyclone
for this case are such that the significant forecast vor-
ticity is confined below o =0.5.

In both cases, the maxima of E;, 7} and g, increase
significantly as —¢ increases. In case W1, the ratios
of maxima at t = —24 to those at t = —3 are 2, 5, and
3 for ¢, T, and §,, respectively. For case W2, these
ratios are 2.5, 3 and 2.

The J, sensitivities for case W1 were also computed
using the same, diabatically generated reference state,
but without considering moisture and its associated
physics in the adjoint model. The shapes of the vertical
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Fig. 3. As in Fig. 2, except for Rc.

structures of the rms values of the o-level fields are
almost identical to those produced by the moist adjoint
model at all times. The ratios of corresponding rms
values produced by the moist verses dry versions of
the adjoint are near 1 for —f < 3, but slowly increase
as —t — 24, so that at t = —24, the moist values are
approximately 25% larger than the corresponding dry
ones. This result agrees with related results reported
by Errico and Raeder (1999) and Errico et al. (2001)
for this case.

4.2. Sensitivity of precipitation

The rms values of the Jc sensitivity fields on
o-surfaces at t = —12 appear in Fig. 5 for the four
cases. They are unlike those for J; in a number of
ways. Most notably, for all cases, ¢ and 8¢ are very
similar at most levels. This is true for all 3 < —¢ <24
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(not shown), but for —t <3, 8¢ is twice Zc at some
levels. For the winter cases (Figs. 5a and b), Z¢, 8¢ and
Tc peak near the surface. This is also true for case S1
for —¢ < 6. In the summer cases, both 7¢ and g peak
in the upper half of the atmosphere (o < 0.5). These
peaks are observed at nearly the same o -levels at all
t. Peaks of gc at small o (e.g. o <0.3) are irrelevant
in almost all contexts, since only tiny perturbations
should be allowed there, as at high altitudes ¢ itself
is always small. For each field, the magnitudes of the
maximum o -surface rms values remain very similar
as a function of time for all 1 < —t <24, except for
gc, which decreases by one half between ¢t = —3 and
t=-24.

The rms values of the Jy sensitivity fields on
o-surfaces att = —3 appear in Fig. 6 for the four cases.
In many aspects, they are also unlike those for J, but
similar to those of J¢. Values of Zy and 8y are not very
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different at most levels, and for some cases and lev-
els, 3y even exceeds EN. In the two winter cases (but
especially in W2), both Zy and 8y are strongly peaked
near the surface. For the summer cases, both 7y and
gn have parabolic-shaped structures in o, peaking near
o =0.5.

Figure 7 is like Fig. 6, except for t = —12. There
are some significant changes in the vertical structures
of the rms sensitivity fields compared with those at

t =—3. In case S2 (Fig. 7d), ¢y is twice §y at many
levels, a result that is accentuated as —t — 24. The
peaks near the surface for case W2 seen in Fig. 6b are
not as pronounced in Fig. 7b, as the relative impor-
tance of ¢y and 8y for 0.65 < o < 0.9 have increased.
For case S1, Ty for 0.2 < o <0.5 exceed those for
o >0.6.

Between t = —3 and ¢t = —24, the maxima of both
Zx and 8y for cases S1 and W1 decrease by approxi-
mately 50% of their respective = —3 values. For case
W2, they increase by approximately 100%, but for case
S2 they change little. The corresponding changes in
the maxima of 7y are smaller for all cases, and there
is even less change in the maxima of gy. This result
and the similar one for Jc are in contrast to the much
greater temporal changes seen for the J, sensitivities,
especially regarding both Tg- and g, .

Correlations of corresponding sensitivity fields for
J; and Jy as a function of field type, o-level and ¢
were determined for cases W1 and W2. For W1, cor-
relations were generally insignificant, and typically
negative valued, implying the two Js are sensitive to
different perturbation structures, and for some fields
and o -levels, the same perturbation will increase one
J but decrease the other. For W2, correlations are very
weak, except for —t > 18. At t = —24, they are gen-
eral positive and as large as 0.8 at some levels. In this
case and time, therefore, identical perturbation struc-
tures can significantly impact both J; and Jy.

For case S2, another J was also investigated. This
was the convective precipitation accumulated during
the final 3 h of the forecast, averaged within the same
box as for Jc. The resulting sensitivity structures (but
not amplitudes of course) were almost identical to
those for Jc. Experiments performed with other cases
using a 10-level version of MAMS?2 also yielded simi-
lar sensitivity structures for rates or corresponding ac-
cumulations. Investigating rates rather than accumu-
lations has the advantage that, for ¢ within the period
during which accumulations are measured, the mag-
nitudes of sensitivities may be affected by the ability
of perturbations to influence only later times and not
the entire period of accumulation. For these reasons,
we concentrated attention on rates at the end of the
forecast rather than on accumulations.

5. Impact measures
The difficulty of comparing sensitivities with re-

spect to diverse fields was described in the previous
section. It was argued there that simply claiming that
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some number of units of one field are equivalent to
some units of another field may be insufficient for com-
paring diverse fields, most notably other fields with
g. Here we therefore use another approach, that of
comparing impacts of “optimal” perturbations. These
are perturbations of specific magnitude and structure
determined from consideration of the corresponding
sensitivity field and some additional constraint that is
most appropriately based on error covariance statis-
tics for the field. Examples of some classes of such
optimal perturbations are described by Rabier et al.
(1996), Ortwijn and Barkmeijer (1995), Errico (1997)
and Lewis et al. (2001).
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Here, optimal perturbations will be independently
produced for each type of field examined. Each is de-
termined as the perturbation field x’ (where x is a vector
of grid-point values for any individual field consid-
ered) that maximizes
J =%"x, (6.1
where X = 9J/0x and superscript T indicates trans-
pose. The additional imposed constraint is that

1
ﬂ2 — _X/TW—IX/
2 , (5.2)
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where B is a prescribed constant and W is a positive-
definite, symmetric matrix of weights. Under these
constraints, the desired perturbation is

X = 1"'W%, (5.3)
where A is a Lagrange multiplier:

1
2= —=@&"Wg)/2, (5.4)

B2
The impact from such a perturbation is easily estimated

by combining egs. (5.1), (5.3) and (5.4) to yield

Max(J') = BvV2&TWR)'/2. (5.5)

Note that § = 1 can be used without loss of general-
ity for making comparisons between fields, since all
results are proportional to that factor.

The comparisons of J' for different fields will de-
pend on the specific W employed. The appropriateness
of any W depends on the primary application intended
for the sensitivities. If the application is data assimi-
lation, a W derived from background error (typically
short-term forecast error) variances (or, better, spatial
covariances) is appropriate. If the application is fore-
cast skill estimation or improvement, then a better W
would be analysis (i.e., model initial condition) error

Tellus 55A (2003), 1
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covariances. These two formulations of W may be ex-
pected to yield different impacts since, for example,
the ratio of the error variance of ¢ to that of § is likely
larger for background errors than analysis errors. This
is because analysis systems are designed to primarily
reduce the largest background errors, which are typ-
ically in ¢ since it generally has a larger magnitude
than 4. Estimates of analysis error covariances are not
readily available, however, so a W based on analysis
error is not an option for us.

The primary W used here will be a diagonal ma-
trix whose elements correspond to the values of
background (i.e., short-term forecast) error variances
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presently used for the operational data assimilation
system at the Canadian Meteorological Center (CMC).
Specifically, these are values for latitude 50°N inter-
polated to the MAMS?2 model levels. They depend on
field type and model o -level.

The diagonal elements of W are presented in fig. 8a
as a function of ¢ and field type. In order to present
values for all fields in one graph, the values for each
field are normalized by the maximum value for that
field, so that all curves are confined between 1 and 0.
The maximum o -level variances for the ¢, 8, T and ¢
fieldsare 6.2 x 10711 s72,4.3 x 10712572,3.7K? and
9. x 1077, respectively. Note that values for g change
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variances are normalized by their largest values: 3.7 K> for T,
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by more than a factor of 100 between o =0.925 and
o =0.375. The temperature values are a minimum
near the surface, which is unlike values estimated at
some other operational weather forecast centers; e.g.,
see Franke and Barker (2000). The distributions of
values for ¢ and § are bimodal, with local maxima
occurring in both ranges of ¢ < 0.2 and o > 0.6.

The optimal perturbations produced using this W
have horizontal (i.e., o-surface) structures that are

identical to those of the corresponding sensitivity
fields but the magnitudes on each level are modified
by the corresponding imposed variances. Since these
vary vertically, the perturbation structures in the verti-
cal vary differently than the sensitivity field structures.
The optimal perturbations are therefore determined
similarly to those in Lewis et al. (2001), although with
different weighting in the vertical.

Results using the diagonal W will be contrasted
with those produced using a block diagonal matrix
for some experiments. For these, covariances between
model levels are considered in addition to the variances
on model levels. Specifically the horizontal-scale av-
eraged vertical correlations of background errors at
CMC are used to create the covariances. Vertical cor-
relations of ¢ or § are considered identical to those of
stream function and velocity potential, respectively.
A sample of these vertical correlations are shown in
Fig. 8b. Note that for the correlations shown, the one
for ¢ is always positive valued, but those for other
fields have negative-valued lobes. These characteriza-
tions are not necessarily representative of those be-
tween other levels.

Use of the block diagonal W in eq. (5.2) may be in-
terpreted as placing a vertical penalty on structures that
are not consistent with the assumed error covariances.
Suchinconsistency is very plausible, and non-diagonal
aspects of W may cause qualitative as well as quantita-
tive changes to the impacts (5.5). If significant changes
are observed, further significant changes may be ob-
tained by also considering horizontal correlations in
defining W. The goal here is not really to contrast spe-
cific optimal perturbations, however, but to compare
more general sensitivity structures: the classes of opti-
mal impacts investigated are intended only as possible
means of assessing relative importance of initial per-
turbations. For these reasons and because much more
computation effort is entailed (effectively requiring
many components of data assimilation schemes that
are not available at NCAR), more complex W have
not been considered here.

5.1. Impact results for diagonal W

The independent impacts of optimal perturbations
of T, g, ¢ and 8§ on J; as functions of time for cases
W1 and W2 appear in Figs. 9a and b, respectively. The
optimal perturbation that has the greatest impact on J,
for forecast periods longer than 3 h in both cases is
that of the T field. Compared with impacts of other
perturbation fields, its impact increases at the fastest

Tellus 55A (2003), 1
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rate as the forecast duration increases (for case W1, a
factor of 4 larger at t = —24 compared with the = —3
result). In contrast, those for ¢ or § increase by a factor
of 2 or less over the same period. Note that optimal ¢
perturbations at f = —6 have about one-half the impact
of those of ¢ in case W1 but the same impacts in case
W2. At longer forecast durations this ratio is larger,
such that at r = —24, it exceeds those of ¢ for both
cases. This suggests that, at most times, 0 J; /dq should
not be treated as negligible compared with 0./, /9¢. In
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contrast, note that the impact of § on J; remains several
times smaller than that of ¢ at all times. This is due to
the smaller perturbation sizes permitted for the § field
as well as to the generally smaller values of d.J, /34
compared with those for ¢.

The independent impacts of optimal perturbations
of initial fields on J¢ for all the cases appear in Fig 10.
For all cases, for —¢ > 1, the optimal 7 perturbation has
greater impact than those of other fields. For —¢ > 9,
the impacts of ¢ and ¢ are almost the same, except
for case W2 for which that of g is approximately 30%
larger than that of ¢{. For —f >3, impacts of ¢ are
generally 4 or more times larger than those of §. Im-
pacts of T'and g are 3 or more times larger for —¢ < 1
compared with corresponding values for —¢ > 6, but
for such short forecast periods, impacts of ¢ and §
are near zero. This is not surprising since the convec-
tion scheme of Moorthi and Suarez (1992) depends
directly only on 7 and ¢, not winds, and therefore the
winds need more time to act dynamically in order to
influence the thermodynamics and hence the convec-
tion. In section 7, the surprising result that all the im-
pact curves for 9 < —t <24 are rather flat will be
addressed.

The independent impacts of optimal perturbations
of initial fields on Jy for all cases appear in Fig. 11. In
many respects, similar statements apply to these as to
those for Jc. In particular, the impacts of 7 dominate
those of other fields, and none of the impact curves,
except for ¢ in case W2, show large growth as —¢
increases beyond 6 h. This is very unlike what is ob-
served for J, in Fig. 9.

The regions over which J, was computed were ap-
propriate for the corresponding forecast structures of
¢, but the same regions were chosen for Jy so that,
in those cases, regions and forecast aspects were not
changed simultaneously. Those regions were not a-
priori the best for evaluating Jy, since precipitation did
not fill those areas. For this reason, experiment W1 was
repeated with the region for computing Jy shifted ap-
proximately 500 km to the northeast. Compared with
the former experiment, the sensitivities generally in-
creased by 20%, since more precipitating points were
present to be measured. Betweent = —9 and t = —24,
Jy increased by approximately 50% for optimal T per-
turbations, but insignificantly for other fields. The re-
sults of this experiment are therefore still qualitatively
very different from those examining J,, and those
differences do not appear to be explained simply by
the specific choice of region for originally evaluating
JN.
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times would be difficult to distinguish.

5.2. Impact results for non-diagonal W

As an example illustrating the effect of considering
vertical correlations in the specification of W, all the
optimal impacts computed for case W2 are presented
in Figs. 12a—c using the CMC-derived correlations.
These are to be contrasted with the variance-only re-
sults shown in Figs. 9b, 10b and 11b, respectively.
Little difference is seen for Jc. For Jy, the order-
ing of the impacts for each field remains the same,
but for —¢ > 3, all impacts are slightly increased. The
most notable differences, however, are observed for
J;: when the correlations are considered, the impact

of ¢ is greater than that of ¢, with the former more than
doubled compared to its variance-only value. This is
because d.J; /3¢ has a strong barotropic component (as
revealed by further detailed examination) that projects
strongly on the leading principal components of the
matrix of vertical covariances for vorticity.

6. Test of linearity

Proper interpretation of adjoint-derived sensitivities
requires ensuring that, for applications of interest, the

Tellus 55A (2003), 1
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behavior of meaningful perturbations are indeed quasi-
linear (Errico et al., 1993; Errico, 1997). This is espe-
cially necessary when highly nonlinear precipitation
processes are being considered (Errico and Raeder,
1999).

We are not considering any specific application
here, although one of our concerns is data assimilation.
Since we do not possess a data assimilation system for
MAMS?2, however, it is difficult for us to directly con-
sider applications to such problems. Instead, therefore,
we consider the nonlinear behavior of the optimal per-
turbations that we employed to compare impacts.

The choice of value for 8, which defines the magni-
tudes of the optimal perturbations, can have a profound

Tellus 55A (2003), 1

effect on the agreement between linear and nonlinear
impacts. Because § is proportional to a measure of
perturbation size averaged over the entire model do-
main, whereas the sensitivity structures are typically
very localized, it is awkward to assign a reasonable
value to g without considering the specific sensitivity
structures that define the shapes of the perturbations.
Instead, therefore, we designate a value of § for each
case by determining what that value must be in order to
obtain a maximum perturbation of ¢ equal to 1 gkg™!
for its Jc optimal. That same § is then used for all
fields. It should be noted that this scaling implies that
all but one grid-point value of ¢’ are less than 1 gkg™!
and that typical or rms values of ¢’ are much smaller
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Fig. 12. As in Fig. 9, except for (a) J;, (b) Jc and (c) Jn for case W2 considering vertical covariances of each individual

field in the definition of W.

than 1 gkg™!, with corresponding implications apply-
ing to the other fields. The impacts of these optimal
perturbations as they have been scaled are therefore
not necessarily great.

Values of J’ for selected cases, forecast aspects and
fields perturbed appear in Table 1. Corresponding non-
linear results AJ as well as the unperturbed reference
forecast values of J all appear for comparison. Only
optimal perturbations of ¢ and ¢ were examined in
these tests. No results are presented for case W1, since
similar tests for it are described in Errico and Raeder
(1999).

Values for J = J, for case W2 appear in row 1 of
Table 1. These are for 24 h forecasts, for which the

reference J, is 3.9 x 107 s7!. In accordance with
Fig. 9b, the linear estimate of the impact of the op-
timal ¢’ is greater than that of ¢’. This ordering is not
observed in the nonlinear result, where for the optimal
q' the nonlinear result has been reduced by 30% com-
pared to the linear result, but for the optimal ¢’, the
reduction is only 6%. The large ratio between linear
and nonlinear values for the ¢’ experiment indicates
that nonlinear effects are significant. So for this case
and rather long (24 h ) time period, the linear (adjoint)
estimates are quantitatively unreliable.

Results for case W2 and J = Jc appear in row 2
of Table 1. The reference Jc = 15 kg m~2 d~'. Nonlin-
ear results for optimal ¢’ and ¢’ are only reduced by

Tellus 55A (2003), 1
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Table 1. Comparison of linear J' (LIN) and nonlinear ) (NL) impacts produced by
optimal perturbations of vorticity and q for the indicated cases and forecast aspects

Vorticity perturbation

Moisture perturbation

Case BSJ LIN J’ NL J’ Ratio LIN J’ NL J’ Ratio
w2 Jy =389 2.34 2.20 1.06 2.50 1.73 1.45
w2 Jc=153 0.265 0.240 1.10 0.439 0.367 1.20
S1 Jc=1.12 0.837 0.616 1.36 1.40 0.972 1.44
S2 Jc=4.84 1.11 0.215 5.16 1.18 0.400 2.95
S26 Jc =3.90 0.651 0.573 1.14 0.775 0.643 1.21

The ratios (LIN J//NL J') for corresponding impacts are also presented along with the reference
values of (BS) of J. All values are for 24 h forecasts, except for the case labeled S26, which is for
a 6 h forecast of case S2. Units of Jy are 107% s~! and units of Je are 10 kg m=2d-1.

18% and 10% of their respective linear results. The
ordering of the impacts is the same in both linear and
nonlinear estimates. No significant nonlinear effects
are indicated by these numbers.

Results for 24 h forecasts of Jc for the summer cases
appear in rows 3—4. The discrepancies between J’ and
AJ are factors of between 1.4 and 5.2. These indicate
that the summer adjoint results are unreliable for fore-
casts as long as 24 h and initial perturbations as large
as used, unless factors of two for J'/AJ are accept-
able. These discrepancies are only slowly reduced as
B is reduced by a factor of 20.

The discrepancies are greatly reduced, however, if
shorter forecast periods are considered. Row 5 is one
example of the latter, determined for a 6 h forecast
of case S2 valid at the same concluding time. (The
difference in Jc reported in rows 4 and 5 is due to the
6-h forecast beginning with a forward time step, rather
than a centered one as in the 24-h forecast, as well as
to slight changes in the boundary conditions for the 6
and 24-h forecasts.) For the 6-h forecast, the J'/ A J are
1.21 for ¢' and 1.14 for ¢’. These ratios are very close
to 1 considering that J is a nonlinearly determined
precipitation rate and that quasi-linear dynamics are
relatively weak in case S2. These results agree with
those of complimentary tests performed by Errico and
Raeder (1999) using the same model.

7. Conclusions
Although examination of the sensitivity of measures
of vorticity was not a goal of this work, it was exam-

ined here to provide a contrast to the sensitivities of
precipitation rates. The measure used was barotropic
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vorticity averaged within an area centered on cyclones
in two winter cases. In order to compare sensitivities
of distinct fields, optimal perturbation were considered
using weights based on 6-h forecast error variances. In
agreement with adjoint results reported by others (e.g.,
Langland and Errico, 1995; Langland et al., 1995;
1996), for forecasts longer than 3 h, barotropic vor-
ticity was most sensitive to possible initial tempera-
ture perturbations, with that sensitivity peaking near
or below mid-troposphere. Additionally, rms sensitiv-
ity to initial perturbations of vorticity was several times
larger than that due to divergence, with the peak in sen-
sitivity to vorticity occurring low in the atmosphere for
forecasts longer than 12 h. For some forecast lengths,
an additional relative maximum in the sensitivity to
vorticity occurred near the model top, with a minimum
near the 300 hPa surface.

Surprisingly, significant sensitivity of barotropic
vorticity to the initial moisture field was also found
for forecasts longer than several hours. This was true
not only for an explosively deepening, diabatically en-
hanced oceanic cyclone but also for a more typical
continental cyclone.

The sensitivity of barotropic vorticity with respect
to initial temperature perturbations increased rapidly
as longer forecast times were considered. On most o'-
surfaces, the rms values of sensitivity with respect to
initial temperature perturbations increased by 300%
or more between forecast durations of 3 and 24 h.
The sensitivity with respect to other initial fields also
increased as longer forecast times were considered,
but not as rapidly as the sensitivity with respect to
temperature.

The sensitivities of both convective and non-
convective precipitation with respect to model initial
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perturbations were similar in many respects, but very
different than the sensitivities of vorticity. The rms sen-
sitivities with respect to initial vorticity and divergence
were similar to each other on most model surfaces, al-
though in some cases, for forecast periods longer than
12 h, sensitivity to vorticity was greater than that to
divergence.

For forecasts longer than 1 h, the precipitation im-
pacts of optimal perturbations whose weights are de-
termined by background error variances are greatest
for temperature perturbations, then next greatest for
moisture perturbations followed by vorticity perturba-
tions. Although sensitivities to divergence and vortic-
ity are similar, the weights allow greater magnitudes of
vorticity perturbations than of divergence, and there-
fore the impacts of divergence perturbations are
smallest.

For different forecast aspects associated with the
same feature, such as vorticity or precipitation associ-
ated with the same cyclone, we expected that the sen-
sitivities of those aspects would vary similarly in time.
In particular, we expected the sensitivities of precipi-
tation measures to increase with forecast duration as
those of vorticity. Essentially the longer the forecast
duration, the more time perturbations have to grow.
Of course, in the nonlinear model, precipitation, un-
like vorticity, is limited by moisture availability, but
the adjoint-estimated sensitivities do not account for
this constraint.

Unexpectedly therefore, the rms magnitudes of the
precipitation sensitivity fields did not increase greatly
as longer forecast periods were considered, in con-
trast to the behavior of barotropic vorticity sensitivity.
Examination of correlations of corresponding sensi-
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tivity structures or experimentation with shifting the
region over which precipitation was measured did not
offer us insight into the cause of this difference. Per-
haps, however, it was simply that the two measures,
although associated with the same synoptic feature,
actually concerned only weakly coupled aspects. This
hypothesis should be tested further by someone ac-
quainted with the problem from a synoptics viewpoint
who is otherwise willing to learn use of powerful ad-
joint tools.

The primary results here are that moisture errors
can significantly affect vorticity forecasts in develop-
ing cyclones and that 3-24 h precipitation forecasts
can be significantly affected by temperature errors.
These results warrant confirmation in other models
and further investigation in general. There are many
other interesting aspects of these results, for exam-
ple, regarding the vertical distributions and temporal
variations of sensitivities that also warrant further in-
vestigation. We welcome others who are interested to
attempt to interpret our results synoptically.
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