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ABSTRACT

The sensitivities of two forecast aspects with respect to perturbations of initial and lateral
boundary conditions are determined using an adjoint of a limited-area model. Sensitivities
are presented as gradient fields. Some characteristics of the sensitivity fields have simple
dynamical explanations, such as their strong dependence on winds, and do not require an
adjoint model to reveal them. Other characteristics would be difficult to ascertain without an
adjoint model, although they, too, in retrospect, have simple dynamical explanations. Still
others, although equally important and undoubtedly dependent on the dynamics, would be prac-
tically impossible to determine without an adjoint. The quantity and quality of information
provided by the adjoint solutions render the adjoint model a tool that is indispensable for

sensitivity analysis.

1. Introduction

Limited-area forecast or simulation models are
used in many areas of meteorological research. All
such models require specification of lateral bound-
ary conditions (LBCs) using some source external
to the model, unless horizontal periodicity of the
fields is imposed. In many mesoscale models of real
events, the LBCs are specified from either a tem-
poral sequence of analyses near the boundary or
from forecast fields obtained from a model whose
domain is larger.

There is much evidence that, for some widely
used combinations of domain size and forecast
period, forecasts are more sensitive to LBC
specification than to initial condition (IC)
specification within the model domain (Vukicevi¢
and Errico, 1990). This is to be expected because as
time advances, features are advected from inflow
boundaries into the interior as interior features exit
at the outflow boundaries. This behavior has
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important implications for proper design and
interpretation of predictability studies (Errico
and Baumbhefner, 1987) and observation system
simulation experiments (OSSEs) using limited-
area models.

Typically, the dependence of forecasts on either
LBC:s or ICs is measured by performing an impact
study: a “control” forecast is made, then a specific
perturbation to the LBC or IC is introduced, a
second forecast is made with the perturbed condi-
tions, and finally the two results are compared.
A significant limitation of this type of sensitivity
analysis and its subsequent interpretation is that it
really only yields the effects of one single perturba-
tion (or a single ensemble of perturbations if
several perturbations are considered). It is likely
that significantly different results can be produced
by different perturbations (e.g., by using a different
sequence of random numbers drawn from the same
distribution if the perturbations are generated
using random numbers). An example in the con-
text of predictability experiments is presented by
Vukicevi¢ and Errico (1990), and further evidence
of the severity of this limitation will be presented
here.
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Another, more general method of sensitivity
analysis uses an adjoint model to determine the
gradient of a forecast aspect with respect to LBCs
or ICs (Errico and Vukicevi¢, 1992; Hall and
Cacuci, 1983). For this analysis, actual fields of
sensitivity are produced, and therefore, the results
apply to any arbitrary perturbation (if not too
large). Limitations of the method include
approximations introduced through linearization
(Errico et al., 1993; Vukicevi¢ and Errico, 1993)
and restriction of each result to one family of
forecast aspects; i.e., the sensitivity obtained
applies to all perturbations with respect to one
aspect unlike the impact study that is informative
for all aspects given one perturbation (Hall et al.,
1982). This latter limitation may not be severe if
only qualitative statements regarding sensitivity
are to be extracted from the results since, in many
cases, several aspects may be determined by a
single physical process (e.g., both rms forecast
errors and cyclone depth may be determined by
baroclinic instability) yielding similar charac-
teristics of sensitivity.

In the analysis performed here, the adjoint
technique for sensitivity determination is used
following Errico and Vukicevi¢ (1992). Questions
to be answered include: (1) How do the sen-
sitivities with respect to possible IC and LBC per-
turbations compare as a function of forecast time?
(2) How do the sensitivities on the boundary com-
pare for various fields, distance from edge, and
location (e.g., upstream and downstream bound-
aries)? (3) How do the boundary sensitivities
depend on synoptic situation along the boundary
(in particular, the strength of advection)? and (4)
How do the boundary sensitivities depend on the
aspect measured? Some of these questions should
have answers expected from simple consideration
of (advection) characteristics. Others may not be
as straightforward, and even those that primarily
depend on advection may not be obvious since, for
the realistic fields we will consider, the advection
and wave propagation characteristics do not have
simple configurations.

The purpose of this report is to describe some of
the general properties of adjoint fields as an aid to
future interpretation and as a stimulus for new
research applications. Consistent with this pur-
pose, we consider a single, commonly used LBC
formulation (the Davies and Turner, 1977 scheme)
and examine two forecast aspects. The examples
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are chosen for their demonstrative value rather
than as an attempt at solving some current
problem. Only what appear to be the most general
results are described along with some specific
results of interest.

The model, its LBC formulation, and their
adjoints are described in Section 2. The synoptic
cases and forecast aspects considered are described
in Section 3. Results are presented in Sections 4
and 5 and summarized in Section 6.

2. Model

The model used in this study is a dry version
of the Pennsylvania State University/National
Center for Atmospheric Research (PSU/NCAR)
mesoscale model (denoted MM4). It is a limited-
area, primitive equation model in flux form. It is
described fully in Anthes et al. (1987). The vertical
coordinate is 6 = (p — p,)/p*, with p* = p_— p, for
p pressure and subscripts s and t denoting surface
and top values, respectively (p, =100 hPa in the
experiments here). Horizontal and vertical diffu-
sion are included, along with a bulk aerodynamic
formulation of the planetary boundary layer and a
prognostic equation for ground temperature. A
dry version is used because the accurate treatment
of an adjoint for highly nonlinear and discon-
tinuous moist parameterization schemes remains
to be developed.

The MM4 LBC scheme is the sponge region,
relaxation scheme of Davies and Turner (1977).
For each of the model prognostic variables p*u,
p*v, p*T, p* (where u, v, and T are eastward and
northward wind components and temperature,
respectively), relaxation terms of the form

SU+2A)— f(t)=--- +2w,B At

X [fu(r) = f(1) =y V2(fulr) = f(1))] (1)
are added to the prognostic equations, where f
denotes a generic model prognostic variable, ¢
denotes time, Az denotes a model time step, sub-
script e denotes an externally prescribed value, f is
a scaling parameter, 7 is a smoothing coefficient,
V? is a finite difference form of the Laplace
operator applied on the model o-surfaces, and w,,
is a weighting function that depends only on
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the number (n) of grid points from the nearest
boundary edge

S—n

s if n=23,4,
3 (2)

0, if n>4.

For n=1 (the grid edge), f = f.. The values of f,
we use are linearly interpolated in time between
12-hourly fields ( f) provided by either an analysis
or forecast from a larger domain model:

fez(lz_f)f(tl)"'(t_tl)f(tz)’ 3)

h—1

where 1, <t < t, for time ¢ and specification times
tyand t,=t + 12 h.

The adjoint for the MM4 has been developed
following the procedure in Errico and Vukicevi¢
(1992), except with fewer approximations or
changes to the MM4 equations. In particular, the
new adjoint considers the equations in their
original flux form and is the exact adjoint of the
dry MM4 with the following four exceptions:

(1) Perturbations of the coefficients of the
Richardson-number dependent vertical diffusion
are ignored. Actually, these coefficients often have
their maximum or minimum permitted values,
implying that their perturbations are in fact zero,
so this approximation is often negligible in
practice.

(2) Perturbations of p* are ignored in the
determination of the difference between potential
temperatures of the ground and the lowest model
level that is used to calculate the diabatic vertical
fluxes of u, v, and T. Perturbations of the surface
pressure used to convert temperature to potential
temperature are considered for other terms.

(3) There is no consideration of dry convective
adjustment, although it can occur in the MM4. In
many cases it occurs infrequently or not at all.

(4) The basic state used to compute the coef-
ficients is varied discontinuously by periodically
reading fields from a stored file. The coefficients are
held constant between these periodic basic state
update times. Since the MM4 time step is deter-
mined by numerical stability considerations and
the short spatial scales often considered require
very short time steps, the storage and input of all
fields at every time step for an extended period
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is a prohibitive cost on most existing computer
systems. Additionally, some computational savings
are obtained since all coefficients need not be
recomputed every time step.

The adjoint model takes as input the gradient of
some function J with respect to the forecast model
state at the verification time, where J is a quan-
titative measure of some forecast aspect to be
examined (some examples appear in Section 3).
The adjoint model then outputs fields of the
gradient of J with respect to both IC and LBC
fields at earlier times. The interpretation of these
fields is that

aJ
AT 4)

where AJ is the change of J between two model
forecasts, the second of which has ICs or LBCs
perturbed by f;, where f; denotes any model
variable IC or LBC (defined discretely in space),
and the summation runs over all such variables.
The approximation eq. (4) is the first-order varia-
tion of J with respect to the controlling variables f;
and is asymptotically exact as | f;'| — 0 for all ..

The computation of 8J/df; for IC fields is
described in Errico and Vukicevi¢ (1992). Com-
putation for LBC fields follows the adjoints of
eq. (1) and eq. (3), yielding, e.g.,

5] _
.a—J=2w,,ﬁ At[ Y il <6—J—yV2Ta—‘]>
At) men =1 \Of of,

< Li—1n _‘3;]_ 2Ta_‘,
+ 2 t;—tz(af Al 6f>]’ (3)

;=12

where ¢,, is a discrete model time, t;=17,+12h,
V2T is the adjoint of V2, and the sums are over the
model time steps within the indicated intervals.
Note that for the first or last 12 h of a forecast, only
one sum in eq. (5) exists.

Comparisons of sensitivities with respect to ICs
and LBCs must be done with the awareness that
the times we have associated with the 8J/87 (e.g.,
t,) refer to the discrete times at which the bound-
ary data are provided. The boundary data at a
single time actually influences the interpolated
values (f,) over the period ¢, < t,, < t3, and, there-
fore, it may be argued that sensitivities for ICs
defined at several times within that period may be
appropriate for contrasting with those for LBCs;
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e.g., if ¢, is the verification (end) time for a forecast,
the sensitivity for the LBC at r, is more
appropriately compared with IC sensitivities at
t, — 12 h than at #, (the initial and end times would
be identical then). In general, the appropriate
times for comparison will depend on the synoptic
events examined. Some examples of the flexibility
required are shown in Section 4.

3. Synoptic situations

Two very different synoptic situations are con-
sidered. They were selected because the typical
wind speeds will significantly affect the time it
takes for boundary information to be felt in the
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interior, either through advection or (Rossby)
wave propagation. These are the same situations
selected in the examination of mesoscale dynamic
balance by Errico (1990).

The initial conditions come from T42 European
Center for Medium-Range Weather Forecasts
(ECMWF) First GARP Global Experiment
(FGGE) analysis archived at NCAR and inter-
polated to the MM4 grid. That grid consists
of 101 x 76 points oriented approximately
east—west x north-south, centered at 40°N and
90°W with a grid spacing of 50 km. There are 10
vertical levels, equally spaced in o, in addition to
the surface. Lateral boundary values (f) are
specified as a function of time from the same spa-
tially interpolated ECMWF analyses. Integrations

sl nonlinear

z nonlinear

sl analysis

for t= 72.00 0=1.00
%0,/ | -

Fig. 1. The fields of 500 hPa geopotential height and sea-level pressure at the beginning (0000 UTC 14 January 1979;
hour 0) and end (hour 72) of the winter case as interpolated to the MM4 grid from the ECMWF analyses. Units are
dam and hPa, respectively. The circle within which the local forecast aspect is verified is indicated in (d).

Tellus 45A (1993), 5



COMPARISON OF INITIAL AND LATERAL BOUNDARY CONDITION SENSITIVITY

of both the MM4 and adjoint model are performed
with a 1-min time step.

The winter case covers the period between
0000 UTC 14 January and 0000 UTC 17 January
1979. The fields of 500 hPa geopotential height
and sea-level pressure at the beginning and end of
this period appear in Fig. 1. At the initial time, a
surface cyclone centered over Indiana and an
associated upstream upper-level trough dominate
the fields. These rapidly propagate eastward until
hour 48 (not shown) where the surface is
dominated by anticyclones over the north-central
and southeast portions of the domain with the
upper level flow nearly zonal (with a slight
southerly component except in the northwest
quadrant of the domain). At hour 72 the surface
anticyclones have propagated eastward, and a new

z nonlinear

543

cyclone is developing over Colorado while a
500 hPa trough appears over Montana.

The summer case covers the period between
0000 UTC 18 July and 0000 UTC 21 July 1979.
The fields of 500 hPa geopotential height and sea-
level pressure at the beginning and end of this
pertod appear in Fig. 2. Throughout this period
the 500 hPa flow is characterized by a quasi-
stattonary wave with a trough over Minnesota and
a ridge over Idaho. The surface pressure field is
dominated by an anticyclone which slowly
propagates eastward.

Since the purpose of this paper is to show how
sensitivities with regard to LBC and IC may be
determined and compared and what some of their
general characteristics are, attention is focused on
only two forecast aspects. These are chosen for

sl nonlinear

for t= 0.00 P=500. mbar
7 — .

nonlinear for t= 72.00 P=500. mbar

for t= 0.00 ¢=1.00

sl analysis for t= 72.00 0=1.00

S64 s,

Fig. 2. Same as Fig. 1, except for the summer case beginning 0000 UTC 18 July 1979.
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their location with respect to the boundaries and
not for any synoptic consideration.

One forecast aspect is the domain mean square
of the p*T forecast error, computed as

B=% § (0*T=p* T ®)
ijik

where N is the number of horizontal points con-
sidered in the sum, i, j, k are northward, eastward,
and downward counting grid indices, respectively,
and subscript a indicates the gridded analysis
value. The sum extends over the whole domain,
excluding the first four points inward from any
lateral boundary edge (i.e., the boundary sponge
region).

The other aspect is a measure of the mean
relative vorticity within a region at the center of
the domain. It is computed as

1

where f, is the Coriolis parameter in the center of
the domain, Acg, is the vertical weighting
(Zx Ao, =1), and ( is the relative vorticity deter-
mined from # and ». The sum over i, j only
includes those N = 29 grid points within a distance
r=150km from the center of the domain. This
circular region is shown in Figs. 1d and 2d.

Five other forecast aspects were also examined,
all measuring field characteristics near the center
of the domain. These included measures of area
mean p,, summed squares of forecast error and
forecast change (compared with persistence),
700 hPa height error, and change. The general
statements discussed in the results and conclusion
for J, applied to these other aspects as well.

4. Results for J,

Selected sensitivity fields on o-surfaces will be
presented and discussed. The g-surface value for
fields referenced in the text will be indicated as a
subscript. The 12-hourly defined boundary condi-
tion fields will be denoted by a tilde; absence
of a tilde indicates an IC field. All sensitivities
described are those for non-flux forms of the fields
(e.g., v rather than p*v) determined by decoupling
the results from the flux form of the adjoint fields.
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The “magnitude” of a field will refer to its maxi-
mum absolute value. All times are recorded as
hours prior to the verification time at which J is
defined, so that the end of the 72-h forecast is
hereafter denoted as hour 0 and all other times will
be negative.

4.1. Winter case

The sensitivities of J, with respect to perturba-
tions of v, ;5 (approximately on a 400 hPa surface)
at selected ¢ are presented in Fig. 3. For earlier ¢
(more negative 7 indicating longer forecast dura-
tions) the sensitivity is concentrated further to the
west (in accordance with the winds that tend to
advect perturbations eastward), until the western
boundary is reached at r < —24. The magnitudes
of 0J,/0vy3s shown for hours —12 and —24 are
similar. At 1 = —48, the sensitivity is concentrated
along the western boundary as at t = — 24, but the
magnitude is more than a factor of 4 smaller (note
that the contour interval at this time is a factor of
4 smaller than for hours —12 and —24). At
t= —72, the sensitivity has decreased by an addi-
tional factor of 10, but the area covered by con-
tours is increased since the contour interval has
been reduced. If the contour interval at t= —72
were applied to all figures, similar or greater area
would be covered at the other times. Similar com-
ments apply to all sensitivities with respect to , v,
and T perturbations in the upper half of the model
domain (where the wind speeds are large). The
decrease in magnitude as 7 becomes more negative
implies that perturbations of the upper
tropospheric fields applied to IC at earlier times
have less impact on J, than similar perturbations
applied to IC closer to the verification time.

The sensitivity of J, with respect to perturba-
tions of Jy3s at r=0 is presented in Fig. 4.
Although this is the verification time (at the end of
a forecast), boundary values specified at this time
affect a forecast through their interpolation
between hours 0 and —12. Note that sensitivities
are concentrated near the southern and northern
boundaries. In contrast, 8J,/0éi (not shown)
is concentrated along the eastern and western
boundaries and dJ,/0p, along all boundaries, but
specifically at the outer edge of the sponge region.
These results are in accordance with the adjoint of
gravity waves as discussed in Errico and Vukicevi¢
(1992). The magnitudes of these sensitivity fields
are quite small (e.g., 1% of the sensitivity with
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respect to v and 10% of that for p, at = —12) as
expected because the barotropic circulation is only
weakly affected by gravity waves (Errico and
Vukicevié, 1992).

The sensitivity of J, with respect to 45 at other
times is presented in Fig. 5. For t = — 12, the sen-
sitivity is concentrated in the southwest portion of
the domain, similar to the location of the sen-
sitivity with respect to vy3s at ¢ = —24 but with
half the magnitude. For ¢ = — 24, the magnitude of
o35 is greater than that for the corresponding IC
field at that time. Also note that, within the sponge
region, the structures of the sensitivity fields for IC
and LBC are similar (both have a positive,
negative, positive pattern). At = —48, the struc-

81,/ 0v
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tures are again similar, except the magnitude of the
LBC field is twice that of the IC field. In other
words, there are locations where a perturbation of
Do.35 will produce twice the impact of a same-sized
perturbation of the corresponding IC field at
t= —48. For t= —72, the magnitude of the sen-
sitivity of the LBC field is reduced by a factor of 5
compared with that for t= —48 (but it is 5 times
larger than for corresponding IC at = —72),
probably because the impact of LBC perturbations
applied this early will be advected eastward of the
region where J is measured at 1=0.

As is typical of most LBC fields except for j, or
when dominated by sensitivity to gravity waves,
the maximum amplitude appears within the

8l,/dv

for t=-12.00 0=0.35

L

for t=-24.00 0=0.35

LN
e

al,/8v

for t=-48.00 0=0.35
i v = K/v

8J,/0v

for t=-72.00 0=0.35

Fig. 3. The sensitivity of J, with respect to IC perturbations of v 35 at times (hours) indicated prior to the verification
time for the winter case. Maximum absolute values are 93, 76, 18, and 1.4 with units 10 ¢ sm ~! for (a—d), respectively.
Contour intervals are 10, 10, 2.5, and 0.25, respectively, in the same units. Negative-valued contours are dashed and

the zero-valued contour is omitted.
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al,/8v  for t=

c=0.35

0.00
£

=% 7

Fig. 4. As in Fig. 3, except for LBC perturbations at the verification time. The contour interval is 0.4 x 10~ sm

al,/av for t=-12.00 0=0.35

8J,/8v

~1

for t=-24.00 0=0.35

7 e =

7 ¥/

8J,/8v for t=-48.00 0=0.35

N i \

aJ,/av
G

for t=-72.00 0=0.35
_______ VAN R W
Y V-

4332IATE s

AN

i P N

Fig.5. As in Fig. 3, except for LBC perturbations. Maximum absolute values are 52, 150, 40, and 8 with units
10~¢sm~! for (a—d), respectively. Contour intervals are 5, 25, 5, and 1 for (a-d), respectively, in the same units.
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sponge rather than along its inner or outer edges.
This is likely a result of the two contrasting pro-
cesses in the sponge region that scale with the
Davies and Turner (1977) weights: as the outer
edge is approached, the damping time is greater
(weakening the impact of LBC perturbations on
perturbations of the interior flow) but the bound-
ary forcing is greater (strengthening the direct
impact by LBC perturbations).

Fields of 6J,/0T, ;s (approximately the 775 hPa
level) at selected times are presented in Fig. 6.
These are intended to be representative of other
low level fields with respect to the affects of
horizontal advection. Since it is a lower level field,
the wind advecting it is weaker, and at any time,

83,/9T for 1=-24.00 0=0.75
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the stronger sensitivities are found further east
than for upper level fields. Magnitudes decrease by
a factor of 4 between t= —48 and —60 during
which time this sensitivity field impacts the
boundary.

Magnitudes of 6J,/6T, ;s at all examined times
are greater than sensitivities with respect to u or v
for any o-level. As an example, at t= —24, the
magnitude of 8J,/07T, ;s is about 15 times larger
than that of 6J,/0v, s, indicating that a perturba-
tion of 1 K at the point of maximum sensitivity for
To.s will create a change of J, after a 24-h forecast
that is 15 times larger than the change produced by
a 1 ms~! perturbation of v, 35 at its point of maxi-
mum sensitivity. Equivalently, to obtain the same

.83,/8T

for t=-48.00 0=0.75

SRR

aJ,/8T

4

for t=-72.00 0=0.75

Fig. 6. The sensitivity of J, with respect to IC perturbations of T ,5 at times (hours) indicated prior to the verification
time for the winter case. Maximum absolute values are 14, 5.1, 1.2, and 0.7 with units 10 ~* K ~! for (a—d), respectively.
Contour intervals are 2, 1, 0.2, and 0.1, respectively, in the same units. Negative-valued contours are dashed and the

zero-valued contour is omitted.
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impacts on J, from perturbations at the points in
question, the v, 35 perturbation would have to be
15 ms ™! for each 1 K perturbation of T 5.

The sensitivities of J, with respect to T,,5 at
selected times appear in Fig 7. At 1= —24, the
sensitivity is concentrated in the southwest portion
of the domain although the corresponding IC field
at this time has greatest amplitude still far from the
boundary, with more than 5 times the magnitude.
For t = —48, the magnitude of the sensitivity with
respect to the LBC field is twice that for the IC field
at the same time, and the regions of maximum
amplitudes are in close proximity. For 1= —72,
the LBC pattern looks more like that for the IC at

R. M. ERRICO ET AL.

magnitudes for these three fields are all similar;
there are not large contrasts as for the v ;s field.
For t= —72, the magnitude of 8J,/0T,;s is
approximately 8 times larger than for 6J,/0% 55 (in
standard units), similar to the comparison for the
IC conditions. The temporal behaviors of lower
tropospheric sensitivity fields are similar to those
for the upper-level fields except that the time it
takes to impact the boundary is greater. Therefore,
there exists a range of times for which either IC or
LBC may be more important at either higher or
lower levels.

Fields of dJ,/0p, appear in Fig. 8. The temporal
propagation of the pattern is similar to that for

t=—60 than for the IC at r=—72. The other low level fields. Magnitudes of the fields are
8J,/8T  for t=-24.00 0=0.75 8J,/0T  for t=-48.00 0=0.75
T -/\\ “\u‘:‘ ‘/;. T \2 7 - T
% S

8l,/8T  for t=—60.00

N

g

8d,/8T for t=-72.00 0¢=0.75
o : A 7

e 7

.

s

Fig. 7. Asin Fig. 6, except for LBC. Maximum absolute values are 2.8, 10, 2.5, and 0.6 with units 104 K ~! for (a-d),
respectively. Contour intervals are 0.4, 1.0, 0.5, and 0.1, respectively, in the same units.
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approximately one-tenth those for T,,s at the
same times (if 1hPa is considered equivalent
to 1 K).

The sensitivities of J, with respect to p, appear
in Fig. 9. At all times presented, magnitudes are at
least three times those for 0J,/dp, at the same
times. Unlike the other boundary fields, this one is
always greatest at the outer edge of the boundary.
We offer no explanation of this fact, but emphasize
that this is common with all the sensitivities
we have investigated, even for other synoptic
conditions.

4.2. Summer case

The sensitivity of J, with respect to selected IC
fields at selected times for the summer case appears
in Fig. 10.

8J,/dps

549

The field of 0J,/0v, 35 appears to be just nearing
the boundary at 1= —48. For this case it is the
northern boundary in contrast to the winter case
(Fig. 3). Although this boundary is closer to the
region where J, is evaluated, the weaker wind
speed results in more than a factor of two slower
propagation of the sensitivity. The magnitude at
t= —24 is twice that for the winter case and at
t= —48 a factor of 6 larger, although this latter
factor is best attributable to the fact that, in the
winter case, the impact with the boundary has
already occurred.

The field of 0J,/0T,,5s at t= —48 appears in
Fig. 10c. The magnitude is similar to that for the
winter case, but the region of significant perturba-
tion is almost colocated with the circle where J, is
evaluated.

al,/8ps

for t=-24.00 0=1.00

for t=-48.00 0=1.00

al,/dps

for t=-60.00

8J,/8ps for t=-72.00 0=1.00

S A

Fig. 8. The sensitivity of J, with respect to IC perturbations of p, at times (hours) indicated prior to the verification
time for the winter case. Maximum absolute values are 20, 6.3, 1.1, and 0.6 with units 10> hPa~! for (a—d),
respectively. Contour intervals are 2.5, 1, 0.1, and 0.1, respectively, in the same units. Negative-valued contours are

dashed and the zero-valued contour is omitted.
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al,/dps 0=1.00
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for t=-24.00

Wi

4

al,/9ps  for t=-48.00 ¢=1.00

aJ,/dps  for t=-60.00 0=1.00
- A A

81,/ dps

T T =

Fig. 9. Asin Fig. 8, except for LBC. Maximum absolute values are 75, 22, 10, and 4 with units 10~° hPa~" for (a—d),
respectively. Contour intervals are 10, 4, 1, and 0.5, respectively, in the same units.

The field of 0J,/0p, at t = —48 is presented in
Fig. 10d. Its magnitude is one-half that for the
winter case at the same hour and it is much less
localized.

Sensitivities with respect to the LBC fields
corresponding to those in Fig. 10 appear in Fig. 11.
At 1= —24, 0J,/00,55s appears to still have the
signature of gravity waves analogous to those
attributed to Fig. 4. By t = —48, the magnitude of
0J,/07, 35 has increased and the large amplitudes
are localized in agreement with Fig. 10b. At
t=—48, 0J,/0T;s still has weak amplitude, in
agreement with the slow propagation attributed to
Fig. 10c. An equivalent result holds for 0J,/0p
compared with Fig. 10d.

5. Results for J,

At t=0, J, is only dependent on p*T. Specifi-
cally,

oJ, 2
op*T N

(p*T— p*T,) (8)

for each point, where the overline signifies the con-
trol forecast values. For this J, the sensitivity field
at the verification time is equivalent to a scaled
(factor of 2/N) field of forecast error. These errors
are non-zero if either the T or p, forecast is in error.
In fact, the sensitivity with respect to p, is greater

Tellus 45A (1993), 5
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aly/av for t=-48.00 0¢=0.35

4

dJ,/8T  for t=-48.00 ¢=0.75

8J,/dps  for t=-4B.00 o=1.00

7

Fig. 10. The sensitivity of J, with respect to IC perturbations of the indicated fields at times (hours) indicated prior
to the verification time for the summer case. Maximum absolute values are 160 x 10~ %sm~!, 108 x 10~%sm !,
53x107*K !, and 3.7 x 10> hPa ! for (a—d), respectively. Contour intervals are (a-b) 25, (c) 1, and (d) 0.5, with
the same respective scaling by tens and units. Negative-valued contours are dashed and the zero-valued contour is

omitted.

because a single p, perturbation affects all o-levels,
unlike a single T perturbation.

5.1. Winter case

The field of 07, /0p* T, s at the verification time
appears in Fig. 12. This is computed from forecast
T errors as large as 2.8 K and p, errors as large
as 09 hPa. Errors are greater in the east, in
agreement with the sweeping effect discussed in
Section 4.

The sensitivity of J, with respect to vy3s, Jg1s,
To+s, and T,,s at t= —24 appears in Fig. 13.
There is some matching of regions of large

Tellus 45A (1993), 5

amplitude for sensitivities of wvg3s and Dyss
fields (both have large positive values over
Saskatchewan and large negative values west of
Baja California). Matching of regions is less
appafent for the T, .5 and T, ;5 fields. Magnitudes
of the LBC fields are about 4 times those of corre-
sponding IC fields at the same time, although for
Ps (not shown) it is 40 times greater. Note that the
magnitudes of the 8J,/0T s and 8J,/0T, ;s fields
are 4 times those of the corresponding fields for
vgss (if 1 K is considered equivalent to 1 ms™'.
Similar comments apply at = —48 (not shown).
In Fig. 14, the same fields are presented as in



for t=-24.00 0=0.35

for t=-48.00 0=0.75

>y ATy

for t=-48.00 0=1.00

7 W

ot =t

Fig. 11. Asin Fig. 10, except for LBC. Maximum absolute valuesare 3x 10 ®sm~!,80 x 10 ®sm !, 0.6 x 10~* K_",
and 21 x 10 ~5 hPa ~! for (a—d), respectively. Contour intervals are 0.5, 20, 0.1, and 2.5 with the same respective scaling
by tens and units.

alJ,/8pT for t= 0.00 ¢=0.75

Fig. 12. The sensitivity of J, with respect to IC perturbations of the p* T, . field at the verification time for the winter
case. The contour interval is 2.5 x 10~ (dimensionless). Negative-valued contours are dashed and the zero-valued
contour is omitted.
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al,/av for t=

-

—-24.00 0=0.35

al,/aT

for t=-24.00 0=0.75

for t=-24.00 0=0.35

Fig. 13. The sensitivity of J, with respect to IC and LBC perturbations of the indicated fields at 24 h prior to the
verification time for the winter case. Maximum absolute values are 0.55 (K hPa)>’sm~!, 2.0 (K hPa)?>sm !,
2.3 K hPa? and 8 K hPa? for (a—d), respectively. Contour intervals are 0.05, 0.25, 0.4, and 1.0 in the same respective
units. Negative-valued contours are dashed and the zero-valued contour is omitted.

Fig. 13 but at r = — 72. Sensitivities with respect to
the IC fields are located in the far west, consistent
with the effects of advection. The magnitude of
0J,/0T,y+s has increased slightly compared with
t = —24, but those for the other fields shown have
decreased. This means that it takes a perturbation
of greater magnitude (or a structure whose sign
and magnitude are more in tune with those of the
sensitivity field) to obtain the same magnitude
effect from an insertion at r= —72 than at
t= —24. This agrees with the behavior of pertur-
bations usually reported for the MM4 (Errico and
Baumhefner, 1987; Vukicevi¢ and Errico, 1990):
their magnitudes generally decrease in time and
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area covered, so it takes a large perturbation to
obtain a significant domain averaged effect after
72 h. Unlike the example offered in Vukicevi¢ and
Errico (1990), if the LBC perturbation is removed
after only 12 h, the perturbation dies during the
next 60 h, just as it would for an IC perturbation.

5.2. Summer case

In Fig. 15, the same fields as in Fig. 14 are
presented but for the summer case. Sensitivities
with respect to ICs are more spread out than for
the winter case. For the wind field (LBC and IC)
they are several times stronger, but for the T field,
magnitudes for both cases are similar. Magnitudes
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8l,/av

a1,/dT

for t=-72.00 0=0.75

8J,/8T  for t=-

72.00 0=0.75

T Y

435

S

A

Fig. 14. As for Fig. 13, except for hour —72. Maximum absolute values are 0.08 (K hPa)?sm~!,0.35 (K hPa)?sm !,
3.5 K hPa? and 3.0 K hPa?for (a-d), respectively. Contour intervals are 0.01, 0.05, 0.5, and 0.5 in the same respective

units.

of all IC fields for the summer case are two to three
times corresponding fields at t = —12; i.e., the sen-
sitivity with respect to IC perturbations is greater
for longer duration forecasts, which is the opposite
relation observed for the winter case. Apparently
for the summer case there is more time for pertur-
bations to grow since they are swept out by the
boundaries more slowly. The sensitivity with
respect to LBC fields is highly concentrated, with
magnitudes comparable to those for the IC
(greater for some fields, less for others).

6. Summary

If a forecast aspect is measured at a verification
time ¢ =0 in a small portion of a forecast domain

and far from the lateral boundaries, the only sen-
sitivity of the aspect with respect to LBC defined at
times not long before ¢ =0 must be due to gravity
wave propagation (or some computational mode).
For a Davies and Turner (1977) LBC formulation,
this sensitivity appears to be concentrated along
the outer edge of the sponge region.

Sensitivity with respect to LBC increases
sharply at the time a feature of significant IC sen-
sitivity impacts with the LBC region. This time is
dependent on wind speeds and vertical levels (as
the winds are). Also at this time, the IC sensitivity
may decrease sharply although not disappear
entirely. It is as though the primary feature has
passed through the boundary (along a backward
trajectory in time, since we are speaking of
sensitivity), and all that remain are secondary

Tellus 45A (1993), §
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Fig. 15. As for Fig. 14, except hour —72 for the summer case. Maximum absolute values are 0.18 (K hPa)?sm ™!
0.9 (K hPa)’sm~!, 2.5 K hPa? and 4.5 K hPa? for (a~d), respectively. Contour intervals are 0.025, 0.1, 0.5, and 0.5

in the same respective units.

features; i.e., regions where IC perturbations
would impact the forecast aspect, but with less
magnitude than comparable perturbations in a
shorter duration forecast (beginning at a time
closer to r=0). Sensitivity is naturally concen-
trated at inflow boundaries, although outflow sen-
sitivities can be seen for waves that propagate
against the flow (e.g., gravity waves near hour 0).

The time at which sensitivity with respect to a
LBC field has greater magnitude than for a corre-
sponding IC field will typically be later for a winter
case than for a summer one, since the relevant time
scales should scale somewhat with wind speeds. In
the winter at upper levels, perturbations can
propagate from the Pacific coast to the center of
the US in less than 24 h, so a forecast aspect that
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is measured in the center of the country and is
especially sensitive to upper-level conditions may
be more sensitive to LBC than IC for forecasts
longer than 24 h. For summer cases, sensitivities
with respect to IC should remain more important
out to several days.

Although we have related the propagation of
sensitivity fields to the winds, we do not wish to
imply that the process is simply advection. One
counter example that has been presented here is
the sensitivity with respect to gravity waves, which
propagates at the speed of those waves. Other
examples are shown in Errico and Vukicevi¢, 1992
(Figs. 6 and 20) that clearly relate sensitivity fields
to quasi-geostrophic waves, and therefore to their
propagation characteristics. On the synoptic scales
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investigated, the propagation speeds of these
Rossby-type waves are strongly dependent on
wind speeds, so we have not attempted to dis-
tinguish between wave propagation or advection
in our investigation here.

In our experience with the Davies and Turner
(1977) scheme, sensitivities of aspect measures
with respect to perturbations of the LBC fields of
the surface pressure are usually much greater
along the outer edge of the sponge region than at
other points in the sponge. With respect to the
LBC wind fields, the greatest sensitivity is usually
found somewhere between the inner and outer
edge. For either type of LBC field, the gradients of
the sensitivity field normal to the edges are often
very large.

Although the magnitudes of sensitivities with
respect to LBC fields may be larger than for corre-
sponding IC fields, the net effect of perturbations
to the LBC fields may be less. Since the net effect
on an aspect measure is determined by the sum of
contributions from all points, the fact that the IC
are defined at more points than the LBC may tend
to make the magnitudes of the two net sensitivities
more similar. The structures of perturbations, as
well as the sensitivity fields, must be considered
when determining net effects.

We have considered that regions of significant
sensitivity are those enclosed by non-zero contours
in the figures; ie., grid points where the absolute
values of a field are not less than approximately
20% of the maximum absolute value for the field.
In the experiments where the forecast aspect was
the mean barotropic vorticity over a small area,
regions of significant sensitivity remained small at
all times until the region was at the lateral bound-
ary. For longer times the secondary sensitivities
are observed, and their scales are less constrained.
The regions of significant sensitivity for the LBC
were also small. Even for the forecast aspect which
was the forecast error evaluated over the whole
domain, the scales of these regions were small if
measured in terms of gradients or typical distances
between high and low values. For both aspects, a
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typical scale for the sensitivity fields may be on the
order of 500 km.

For many forecast sensitivity, predictability,
and observing system simulation experiments, IC
or LBC perturbations are introduced using ran-
dom numbers (e.g., Anthes et al, 1985). If the
number of forecast aspects measured is very
limited, as is usually necessary, then sensitivity will
likely be underestimated because the regions of
primary sensitivity are small and the random per-
turbations from point to point will result in much
cancellation to the net sensitivity. If smoothing of
the random fields is performed prior to their
application (e.g., Errico and Baumbhefner, 1987;
Vukicevi¢ and Errico, 1990), then the sensitivities
will also likely be underestimated because the
perturbations of a single sign will likely overlap
regions of sensitivity of both signs, again resulting
in significant cancellation.

In order to estimate the maximum sensitivity, it
is necessary to first determine the fields of sen-
sitivity using the model’s adjoint. Perhaps in some
idealized flows, the sensitivity patterns may be
ascertained without such calculation; however, for
real synoptic situations, it is hard to imagine
constructing the figures shown in this report
without actually performing the numerical adjoint
calculations.
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