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Abstract. Sensitivity of extended-range numerical weather forecasts to small changes of model parameters
is studied for two cases. In the first case the Earth radius was perturbed. In the other case changes of the
gravity were introduced. The results for the 500 hPa geopotential fields are presented on hemispheric maps
and intercompared visually and using RM&eliences of the perturbed and reference forecasts. During about
the first 10 days of integration the results indicate modest sensitivity of the forecasts to the parameter variation.
After this period the forecasts diverge rapidly and start feedisignificantly. Repeated integrations on the
same computer using the same model setup and the same initial conditions yield identical results.

1 Introduction lutions can be influenced not only by uncertainties in the ini-
tial conditions, but also by other small uncertainties preser
Predictability of the atmosphere and accuracy of atmospheriin the system. The specific mechanisms of the growth of th
models are still among the central issues of meteorology andlifferences may be similar in both cases, though.
atmospheric modeling. Thompson (1957) was among the
first to investigate the limits of predictability of the barotropic
and baroclinic atmospheres. Lorenz (1969a, b, 1973) contin2 The model
ued and expanded this research. These investigations showed
that the limit of predictability for an atmospheric model was The new NCEP’s Nonhydrostatic Multiscale Model on the B
about 12 days. The sensitivity tests of numerical integrationgrid (NMMB) (Janjic, 2005; Janfi and Black, 2007; Jardji
to small changes in initial conditions in the works of Lorenz et al., 2011) was used in the tests. The NMMB was designe|
(1963, 1965) were not only important for testing the accu-for a broad range of spatial and temporal scales and follow
racy and predictability of atmospheric models, but also ledthe general modeling philosophy of the NCEP’s WRF NMM
to the discovery of a new phenomenon in nonlinear systemgrid-point dynamical core (Jagjet al., 2001; Jargi 2003,;
known as deterministic chaos. The problem of sensitivity of Janjt et al., 2010). However, in contrast to the WRF NMM
numerical integrations to small disturbances of initial condi- that was defined on the Arakawa E grid, the NMMB was re-
tions was addressed in more recent papers, e.g., by Zhao-Xi@rmulated for the Arakawa B grid. The NMMB uses the
et al. (1997) and Yoden (2007). regular latitude-longitude grid for the global domain. Finite-
In the present paper, we keep the initial conditions un-volume horizontal dterencing is employed that conserves &
changed, and instead vary within the respective limits of theirvariety of basic and derived dynamical and quadratic quar
natural variability two model parameters that are commonlytities and preserves some important properties féntial
assumed to be constant. The two parameters chosen for tesiperators. The conservation of energy and enstrophy ¢Janji
ing are the Earth radius and gravity. By doing so we wanted1984) improves the accuracy of the nonlinear dynamics 9
to demonstrate that the growth offdirences between the so- the model on all scales, and renders the model suitable for e
tended integrations. Conservative polar boundary condition

are used in global integrations. The polar filter selectively ret

Correspondence td¥l. B. Gavrilov duces tendencies and thus decelerates the wave compone
m (gavrilov@eunet.rs) that would otherwise propagate faster in the zonal directio
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than the fastest wave propagating in the meridional direcnatural variability of gravity are of the same order of magni-
tion. In the vertical, the hybrid pressure-sigma coordinatetude.

is used (Simmons and Burridge, 1981; Eckerman, 2009). |n the tests the model integrations were performed up to
Explicit, no split time diferencing is applied in the model 40 days. The horizontal resolution was about 0.67 degrees

dynamics (Janfi, 2003). An dordable conservative, posi- and there were 32 levels in the vertical. The time step was
tive definite and monotone scheme was developed for mode{g0 s,

tracers (Jandi et al., 2009). The model physics is an evolved
version of the NCEP’s standard WRF NMM physical pack-
age. ltincludes land surface processes (Vuketial., 2010),
turbulence (Jan{i, 1990, 2001), microphysics (Ferrier et al.,
2002), moist convection (Jafji 1994, 2000) and radiation
(Harshvardhan et al., 1987).

4 Results

The results shown were obtained from numerical integrations
starting from the NCEP’s GFS analysis for 4 February 20086,
at 00:00UUTC. In Fig. 1 the 500 hPa geopotential fields at
days 10 and 14 are presented, respectively. The results of
the reference run and the two runs with perturbud values of
the Earth radius are shown in the top to bottom panels in the

Two sensitivity tests of extended-range numerical simula—f, h | ith bed : di
tions to small changes of Earth radius and gravity were made!l9ures. 1he resu ts with perturbed gravity are presente in
ig. 2 using the same arrangement. The RM&dénces of

The experiments were performed using reduced referenct e
value of the Earth radius=6376000m by 0.000002%, the geopotential fields at 500 hPa between the perturbed and

which resulted ina=6375999m, and by reducing the reference runs are computed at days 5, 10, 14, 20, 30 and 40
reference value by 0.5% which’ yielde= 6 344 000 m and shown in Fig. 3 for the perturbations of the Earth’s radius

(Gavrilov, 2006). In the spherical approximation used in the @"d 9ravity, respectively.
atmospheric equations the Earth radius is assumed to be a AS can be seen in Figs. 1 and 2 (left columns), during
constant (e.ga= 6 376 000 m), although the Earth’s shape is the first 10 days of integration the forecasts remain gener-
a geoid with the radius at the equator beang6378000m  ally similar. At the 5th day the RMS flerences were less
and at the poles being=6 357 000 m. Moreover, the shal- than 2 gpm for both tested parameters, while at the 10th day
low approximation ignores the radius change with height. In-the RMS diference was about 12 gpm for the gravity per-
stead of varying between the bottom and the top of the atfurbation case, and 18.5-20.7 gpm for the Earth radius per-
mosphere, that makes a distance of about 30000 m in atmdurbation case. There was no indication of regularity in the
spheric models, with this approximation the radius is taken@Ppearance of the fiierences and they did not show clear
to be constant and equal to its value at the sea level (Phillipsdependence on which parameter is perturbed and for how
1966). It is therefore evident that the variation of the Earthmuch.
radius used in the experiments remains within the range of Between the 11th and 13th day of integration a rapid
natural variability of the Earth radius. Thus, the perturba-degradation of previously existing similarity occurred in all
tions used here have a realistic scale. cases. As shown in Figs. 1 and 2 (right columns), at day 14
In the second set of experiments, the reference value ofhe diferences between the reference fields and the fields ob-

the gravityg=9.8060226 ms& was increased by 0.0001% tained using pertubed parameters are no longer small and the
of the reference value fp=9.8060326 m%, and reduced by fields do not resemble each other any more. Tiiedinces
0.1% of the reference value gp=9.7960226 ms (Gavrilov are such that one cannot detect any indication that the inte-
etal., 2007). In the atmospheric models, the gravity is mostlygrations started from the same initial conditions. The similar-
taken to be constant (e.g=9.8060226 m%) although itis ity between the forecasts has never been regained in further
well known that it is a function of latitude, altitude and in- integrations up to 40 days. As can be seen from Fig. 3, the
homogeneity of the Earth’s interior. For instance, because ofncreasing visual dierences in forecast fields are confirmed
changes of centrifugal force along the latitude and flattenedy significant increase of RMSf{tierences at days 14, 20, 30
shape of the Earth at the poles, the gravity is 0.5% highei@nd 40. These RMS fierences take on values from 45 gpm
at the poles than at the equator. Also, as the altitude is into 95 gpm, which are comparable to typical RMS errors for
creasing, the gravity is decreasing, so that at the altitude oforecasts of 5-10 days (Shukla, 2005).

1000 m above the sea level it is less than at the sea level by Analogous results were obtained in integrations starting
0.00389 ms?. Beside these theoretically predictable changesfrom NCEP’s GFS analyses for the whole period 4-14 Febru-
of gravity, there are gravitational anomalies occurring as theary 2006 at 00:00 and 12:00 UTC. Comparable results were
effect of inhomogeneity of the inner layers of the Earth. For obtained also for other values of the Earth radius and gravity
instance, in North Pacific close to Hawaii, the gravity is for within the range of the changes discussed here. However, re-
0.002 ms? greater than the reference value. Thus, it is evi- peated integrations on the same computer and using the same
dent that the variation of gravity in our esperiments and thevalues of model parameters gave identical final results.

3 Experiment setup
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Figure 1. 10-days forecasts (left) and 14-days forecasts (right) of geopotential at 500 lERag@&76 000 m (top)a= 6 375999 m (middle)
anda= 6344 000 m (bottom).
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Figure 2. 10-day forecasts (left) and 14-days forecasts (right) of 500 hPa geopotentip 818060226 m< (top), g=9.8060326 ms

(middle) andg = 9.7960226 mig (bottom).
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Figure 3. RMS differences for small changes of Earth radius (top)
and gravity (bottom) as indicated in the legend.

5 Summary and conclusions

The sensitivity has been investigated of extended-range nu-
merical simulations to small perturbations of Earth radius

and gravity within the limits of their natural variabilities. Re-

gardless of the value used for the Earth radius and gravity, the .
weather patterns have kept mutual visual similarity during

the first 10 days. High similarity of the fields is confirmed by
low values of their RMS dferences. Within this period, the

forecasts still gave an impression that they all started fromGavrilov, M. B.: Sensitivity of Long Range Numerical Weather

the same initial conditions.
After this period of similarity, the results started tdfdr.
Between the 11th and the 13th day, th&atiences became

significant even on large scales, and the similarity never reap-
peared again in further integrations. High diversity of the

fields is confirmed by large values of their RMS3tdrences.

In these later stages the predicted flow patterns give an imgarshvardhan, R. D., Randall, D. A., and Corsetti, T. G.: A fast ra

pression that the forecasts were made starting fraferéint
initial conditions.
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Since the results of numerical weather prediction have ng
shown considerable sensitivity to the small changes of mods
parameters in the first 10 days, these forecasts may be cg
sidered to fall in the predictable range and may have practici
value. Contrary to that, great sensitivity of the deterministid
weather forecasts to the small changes beyond day 10 mak
the possibility of practical use of such forecasts highly ques
tionable.

The obtained results appear to be in accord with the theg
retical assessment that the deterministic predictability of th
atmosphere is limited to about 12 days (Lorenz, 1973). How
ever, the results of this study show that the growth of dif
ferences between the solutions can be influenced not on
by uncertainties in the initial conditions, but also by other
small uncertainties present in the system, although the sp
cific mechanisms of the growth of thefidirences may be
similar in both cases. It would be interesting to further in-
vestigate the influence of small changes of other model pa
rameters (e.g., the angular velocity of the Earth and variou
physical and numerical constants) on the results of determi
istic medium-range numerical weather forecasts.
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