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ABSTRACT

Two statistical approaches for linking large-scale atmospheric circulation patterns and daily local rainfall are
applied to GCM (general circulation model) climate simulations. The ultimate objective is to simulate local
precipitation associated with altered climate regimes. Two regions, one in the Pacific-American sector (western
region) and one in the American-Mid-Atlantic sector (eastern region), are explored.

The first method is based on Classification and Regression Trees (CART) analysis. The CART method
classifies observed daily sea level pressure (SLP) fields into weather types that are most strongly associated with
the presence /absence of rainfall at selected index stations. After applying this method to historical SLP obser-
vations, precipitation simulations associated with GCM SLP output were validated in terms of probability of
occurrence and survival time of the weather states identified by the CART analysis. Daily rainfall time series
were then generated from weather classes derived by application of CART to both daily SLP fields derived from
historical observation and from GCM simulations. While the mean rainfall and probability distributions were
rather well replicated, the precipitation generator based on this version of the CART technique had two important
deficiencies: the generated dry periods were too short, on average, and the identification of weather states may
be not invariant under coordinate rotations.

The second rainfall generator is based on the analog method and uses information about the evolution of
the SLP field from several previous days. It considers a pool of past observations for the circulation patterns
closest to the target circulation. It is similar to the CART method and in certain aspects it performs better,
although some downward bias in the simulated rainfall persistence was still present. Applying both methods to
the output of a 2 X CO, GCM simulation produced only small changes in simulated precipitation, which is
due to the small sensitivity of this variable to greenhouse forcing. The selection characteristics of the analogs
are similar for observations, a control run, and a 2 X CO, run, indicating that analogs for possible altered
climates can be found in the historical record.

One of the largest uncertainties in climate simula-
tions produced by the present generation of general
circulation models (GCMs) is the hydrological cycle
at the land surface (Chahine 1992). The physical pro-
cesses that contribute to the atmospheric and surface
hydrologic cycle, such as cloud formation, precipita-
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tion, infiltration, evaporation, and runoff production,
evolve over a much smaller scale than the resolution
of today’s GCMs, which are limited by computational
considerations to a typical range of 200 to 1000 km.
Therefore, these processes have to be incorporated into
the GCMs by means of parameterizations, which may
introduce additional errors in the GCM simulations
(Thomas and Henderson-Sellers 1991). On the other
hand, changes in the hydrological cycle caused by an
increase of atmospheric greenhouse gases could have
a considerable societal impact (Rind et al. 1992), so
that there is a need to assess the potential effects of
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climate change at scales that cannot be resolved by
current GCMs (Grotch and MacCracken 1991).

Three general strategies have been suggested to
overcome this scale mismatch (e.g., Giorgi 1991). The
first is to develop finer-resolution regional climate
models that are driven by boundary conditions simu-
lated by global GCMs at coarser scales (Giorgi 1990).
In theory, these nested models should be able to rep-
licate the physical processes operating at regional scales
and can take into account orographic features that are
partially or totally absent in a GCM and that may be
important for regional climates. However, this ap-
proach is computationally costly, and at present the
resolution attainable using this approach requires that
some processes still must be parameterized. Another
problem with this approach is that feedbacks from the
regional model into the GCM are not usually incor-
porated. While alternative numerical schemes such as
the adaptive multigrid method could allow such feed-
backs to be modeled (see, e.g., Barros and Lettenmaier
1993), these schemes have not yet been applied to
GCMs. Another strategy that has been recently devel-
oped is the use of time-slice GCM experiments. In such
experiments a high-resolution atmospheric GCM is
forced by the boundary conditions for the atmosphere
generated in a coupled integration of a low-resolution
atmosphere-ocean GCM.

Another possibility is to derive statistical models
from the observed relationships between the large-scale
atmospheric fields, such as sea level pressure (SLP) or
geopotential heights, and local variables, such as pre-
cipitation or surface temperature. Once the statistical
model parameters are estimated from a training set of
large-scale and local observations, the models may be
used to infer changes in the local variables due to
changes in the large-scale fields simulated by GCM
sensitivity experiments. For instance, multiple regres-
sion equations linking the 700-mb geopotential heights
and precipitation (Klein and Bloom 1988) and geo-
potential heights and fire weather elements (Klein and
Whistler 1990) have been used in the United States.
Wigley et al. (1990) used, among other variables, large-

- scale spatial averages of near-surface temperature and
correlated them with local temperature time series.
With a slightly different strategy, Karl et al. (1990)
identified statistical relationships between a set of free
atmosphere variables as predictors and near-surface
temperature and precipitation as predictands. Von
Storch et al. (1993) used canonical correlation analysis
to relate local monthly precipitation to the large-scale
SLP field. Hewiton (1994) constructed regression
equations between the atmospheric circulation and lo-
cal surface temperature, allowing for nonlinear inter-
actions between different atmospheric regimes. These
studies have all concluded that local climate change
inferred directly from GCM simulations interpolated
to the local scale may differ markedly from local sim-
ulations derived from the statistical approach.
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All of the statistical techniques noted above essen-
tially make use of correlations between the time series
of the large-scale and local variables. However, there
are some important variables that are discontinuous
in time, like daily precipitation, which are not suitable
for statistical techniques such as regression-based
methods. On the other hand, there are whole families
of sector models (for prediction of agricultural pro-
duction, hydroelectric power production, surface water
supply, terrestrial and aquatic ecosystems, to mention
a few), which requiré as input local precipitation
amounts at daily or near-daily timescales. In this case
statistical models have to be based upon other tech-
niques, such as the use of weather classification schemes
applied to an altered climate, in which the GCM-sim-
ulated large-scale ficlds are classified into weather states
(types) and the local observations are sampled from
days belonging to a particular weather state. Bardossy
and Plate (1992) made use of such a strategy with the
classification scheme traditionally used by the German
Weather Service. Wilson et al. (1992) defined weather
states through a combined Principal Components
Analysis of sea level pressure, 850-mb temperature, and
850-mb geopotential height. Hughes et al. (1993) ap-
plied Classification and Regression Tree (CART)
analysis to identify the weather types that were most
related to occurrence or absence of precipitation.

At least three assumptions underlie this type of sta-
tistical strategy. First, the GCMs are assumed to sim-
ulate realistically the large-scale atmospheric features
that give rise to the observed distribution of regional
climates, such as the subtropical highs, subpolar lows,
and storm tracks. This condition is common to all re-
gionalization techniques, either statistical-~empirical or
based on high-resolution nested models, and obviously
has to be taken as given. If the GCMs themselves fail
to reproduce reasonably well the large-scale climate
any downscaling approach is doomed to fail. The final
estimation of regional climate change strongly depends
on the degree of confidence put on the GCM simula-
tions. Second, the relationships between the large-scale
and local variables are assumed to hold under the al-
tered climate. This condition is almost impossible to
check in practice and this difficulty is in some sense
equivalent to the assumption that GCMs will also sim-
ulate properly altered climates. It can, however, be ar-
gued that within the natural variability of the observed
climate there exist all kinds of situations that may
eventually prevail in an altered climate. Therefore, if
the training period for the statistical method is long
enough it will be able to identify the most important
factors affecting the regional climate. The uncertainties
will, however, always remain, although they can be
somewhat limited by imposing a third condition,
namely, that the statistical procedure to estimate the
local variable is assumed to replicate the historical data,
or at least important aspects of their statistical behavior,
when it is driven with the observed large-scale circu-
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lation. This condition is the counterpart of requiring
that the GCMs be also able to simulate past climates.
Often this condition canriot be fulfilled because of the
lack of observations.

This paper fits within the framework of the coupled
empirical /statistical approach. Its aim is to check to
what extent some of the above assumptions are fulfilled
in practice and to help establish the degree of confi-
dence that can be placed in these procedures. The ap-
plications of the method are for daily rainfall at selected
stations in two North American regions at midlatitudes:
the Columbia River basin, located in the Pacific-North
American sector (western region ), and the middle-At-
lantic region of the eastern United States (eastern re-
gion). The choice of the variable that will represent
the atmospheric circulation deserves some discussion.
It is widely assumed that geopotential height at 500 or
700 mb is strongly related to local rainfall and, there-
fore, should be a strong candidate. However, a few im-
portant considerations have to be taken into account.
It is desirable that the observed time series be as long
as possible to increase the reliability of the statistical
analysis and to allow checking of the statistical rela-
tionships on an independent dataset. This dataset
should be as separated in time as possible from the
training set, so that it could be considered a “different”
climate (von Storch et al. 1993). Another question is
related to the application of the method to greenhouse-
gas experiments. Due to global tropospheric warming,
geopotential heights rise globally in a 2 X CO, exper-
iment, but this rise is not necessarily bound to changes
in the circulation. Therefore, geopotential heights con-
tain information about both temperature and circu-
lation changes and the interaction between the two,
the former not being directly related to rainfall. If this
effect is not corrected, unrealistically large rainfall
changes are to be expected in the statistical downscal-
ing. We decided to use SLP in our study instead of the
geopotential height. It offers the advantage that the
available time series are globally about 100 yr long and
it is marginally affected by temperature effects. Fur-
thermore, SLP has been found to be an acceptable pre-
dictor for rainfall (von Storch et al. 1993) and repre-
sents well extratropical cyclones (Jones and Simmons
1993) in near-coastal areas, where topography is not
so important as in the interior.

With this goal in mind, we first analyze two present-
climate simulations of the general circulation models
of the Geophysical Fluid Dynamics Laboratory
(GFDL), and the Max-Planck-Institute fiir Meteorol-
ogy (MPI), respectively. In section 2 the regional per-
formance of the control runs of two GCMs is examined.
For this purpose the simulated long-term mean SLP
field, its standard deviation, and its coherent patterns
of variability (empirical orthogonal functions) are
compared to the corresponding patterns derived from
observations.
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One of the statistical models used to generate daily
rainfall at the selected stations is based on a circulation-
type classification by CART analysis that was used by
Hughes et al. (1993). The CART analysis classifies the
daily circulation into weather types objectively, based
on the values of several circulation indices. These in-
dices may be the value of SLP at certain grid points
or, as in this paper, the amplitude of spatial patterns
selected a priori, for instance the leading empirical or-
thogonal functions. In this paper the CART analysis
is applied to historical SLP and rainfall data in the
Columbia River basin and middle-Atlantic regions and
is used to identify the circulation types that are most
strongly related to rainfall at the selected stations. To
assess the quality of the downscaling procedure, it is
of interest to validate the two GCM control runs in
terms of the circulation types by computing quantities
such as probability of occurrence and lifetimes of each
weather state and observing their change in a 2 X CO,
experiment performed with the MPI model. This is
described in sections 4 and 5 of the paper.

Finaily, in section 6, the circulation types identified
by CART analysis are used for the generation of daily
precipitation time series at individual stations. For this
purpose the historical SLP fields, as well as the ones
simulated by the GFDL and MPI GCMs, are used to
simulate some important statistical properties of the
rainfall time series. One important deficiency of this
method, as noted by Hughes et al. (1993), is that pre-
cipitation sequences generated from the observed SLP
fields were not as persistent in terms of the occurrence
or absence of precipitation as sequences in the obser-
vations. Hughes et al. (1993) explored a modified
model that included dependency on precipitation in
the previous day, which improved their results. How-
ever, in the context of climate change assessment, this
modification is not conceptually very satisfactory be-
cause it requires the ad hoc assumption that this de-
pendency will remain unchanged in a new climate. In
view of these problems, CART analysis is compared
to another, simpler, rainfall generator based on an an-
alog method. In the analog method a pool of historical
observations is compared to the target pattern and the
closest one is chosen as an analog circulation. The
rainfall amounts observed simultaneously with the an-
alog circulation are then ascribed to the target pattern.
This basic strategy can be modified by defining the
similarity between circulation patterns in different
ways. Here, similarity is defined by comparison of pat-
terns not only at the current time step, but also in some
number of previous days. Therefore, the analog pattern
has a similar circulation evolution over several previous
days.

2. Data and statistical techniques

Results from three climate simulations were used in
this study. The first was a 10-yr control run of the
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GFDL GCM performed with prescribed sea surface
temperatures and interactive clouds. The GFDL model
uses a spectral formulation with R30 resolution, ap-
proximately equivalent to a regular grid of 3.7° long
X 2.2° lat. The second experiment was a control run
of the MPI coupled ocean-atmosphere model (Cu-
basch et al. 1992). The atmospheric portion of this
climate model (Roeckner et al. 1989) is also a spectral
model with a T21 resolution (about 5.6° X 5.6°). The
third experiment was a 2 X CO; run with the MPI
model. In this experiment the atmospheric greenhouse
gas concentration was doubled from its value in the
control run. Daily means of the SLP pressure field be-
tween years 76 and 100 of these two MPI simulations
were used.

Twenty years of daily SLP analyses from the U.S.
National Meteorological Center (NMC) for the period
1965 to 1984 were used in this study. These data were
retrieved from a CD prepared by the Department of
Atmospheric Sciences of the University of Washington
(Mass et al. 1987) and interpolated to a rectangular
latitude-longitude grid from the NMC octogonal grid,
using software developed at NCAR. Infrequent missing
data were filled in by interpolation between the pre-
vious and following days. All data were interpolated
to the lowest resolution T21 to avoid possible incon-
sistencies in the subsequent statistical analysis.

Daily station precipitation data in the period 1965~
1984 were retrieved from U.S. National Climatic Data
Center records. Gaps in these data were removed by
using information from nearby stations via a prorating
method (Wallis and Lettenmaier 1991). The station
positions are indicated in Fig. 1. Two multivariate sta-
tistical techniques were applied to the datasets. Em-
pirical Orthogonal Function analysis (EOF; Preisen-
dorfer 1988) is often used in climatology to reduce the
number of degrees of freedom of large-scale anomaly
fields by identifying a limited number of variables that
can describe most of the variance. Mathematically this
is achieved by diagonalizing the cross-covariance ma-
trix calculated between anomalies at grid nodes. The
eigenvectors of this matrix are called EOF loadings and
the variance explained by the EOF is given by its as-
sociated eigenvalue. Each EOF has an associated time
series (also known as scores) that describes the time
evolution of the EOF and that can be calculated at
each time step by projecting the EOF onto the field.
Since the normalizing constant for each EOF is not
defined (as for all eigenvectors of any matrix), we
choose this constant in such a way that the associated
time series has standard deviation unity (with no phys-
ical units), so that the physical units are carried by the
EOF. One important property of the scores is that the
correlation between any pair of them is zero.

The second statistical technique used was Classifi-
cation and Regression Tree (CART) analysis (Breiman
et al. 1984). This technique provides an objective way
to define a scheme to classify the daily circulation into
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Fi1G. 1. Positions of the stations used in this paper.

a small number of weather classes, relevant for the pre-
cipitation occurrence or absence at a certain set of sta-
tions ( precipitation is considered here as a two-valued
discrete variable, wet or dry). The daily circulation
states are classified by means of a binary decision tree,
the nodes of which are split depending on the values
of one of the input variables, such as, for instance, the
value of the SLP field at a certain grid node or some
other large-scale circulation index. The algorithm be-
gins by examining all possible splits of the data based
on the input variables and choosing the one that gives
the maximal separation of the precipitation occurrence
distribution. That is, if there are 16 possible rainfall
patterns (corresponding to rain/no rain at four stations,
say), then the split that minimizes
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2 p()p())

i+

(1)

[where p(i) and p(j) are the probabilities of the ith
and jth rainfall patterns in the two daughter nodes] is
chosen. Since there are a finite number of observations
there are a finite number of such splits to examine.
Tree construction continues until a balance is reached
between the “cost” (the sum of the cost function over
all terminal nodes) and the complexity (the number
of terminal nodes) is reached. Additional details can
be found in Breiman et al. (1984). Each terminal node
of the decision tree corresponds to a weather state and
each day can be classified into one of the weather states
by following the binary decision tree. Typically, the
splits are made on individual input variables. Thus,
the boundaries of the weather classes are defined by
CART as inequalities on the input variables (e.g., a(1)
< z1 and a(3) > z2, where a(1) and a(3) are input
variables and z1 and z2 are constants). Graphically,
these inequalities can be represented as hyperplanes
parallel to the axes in the input variables space (e.g.,
the EOF space). It is conceptually possible, but much
more computationally demanding, to allow the splits
to be based on linear combinations of the input vari-
ables (once again, for a finite number of observations
there are a finite number of such linear combinations
that uniquely partition the data). Therefore, the input
variables for a CART analysis should be chosen with
care, which may not always be an easy task. In our
analysis, we compared (for western region winter data)
the weather states that resulted from CART runs that
alternately did or did not allow for rotations of the
input variables. We found no qualitative difference;
therefore, we report the unrotated results only.

3. Regional model validation

In this section some basic statistical parameters de-
rived from the control runs of the two GCMs are com-
pared with the same parameters derived from the NMC
data. This comparison is restricted to sea level pressure
in the two regions of interest, the west region (30°-
70° N, 115° W-180°) and east region (30°-70° N,
45°-100° W). Both regions were investigated for win-
ter and summer. All of the analyses are based on daily
data, in the case of the NMC observations, taken at
0000 GMT.

Figure 2 shows the long-term mean of the SLP field
in January and July for the observations and the two
model runs for the western region. In January, both
models produce a stronger Aleutian Low than is ob-
served in the historical data. In the GFDL run the low
is centered northeast of its correct position. In July the
MPI control run correctly reproduces the summer high
pressure cell over the Pacific Ocean, whereas in the
GFDL run the high pressure is much stronger than in
the observations. The long-term standard deviations
of the SLP fields calculated from the daily means for
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January and July are shown in Fig. 3. The historical
data for January show a broad variability maximum
centered over the Aleutian islands. In the MPI run this
maximum is fairly well simulated. The GFDL model
tends to be much more variable than the observations,
with its maximum extending eastward into the conti-
nent. In July the variability of the MPI model is smaller
than in the observations, and it also misses the vari-
ability maximum over the Pacific Ocean, whereas the
GFDL model replicates quite well the variability dis-
tribution.

The coherent patterns of the SLP variability have
been identified using EOF analysis, separately for the
winter (DJF) and summer (JJA) months. Figure 4 de-
picts the first four (five for the observations) EOFs of
the SLP anomaly field, along with their relative ex-
plained variances. In winter both models are able to
reproduce the pattern of the first EOF, although the
explained variance is underestimated by the MPI and
overestimated by the GFDL model. Lower-order EOFs
are, in general, well reproduced by the MPI run,
whereas in the GFDL model the second and third EOFs
are interchanged. In summer, the variance accounted
for by the first EOF is again overestimated by the GFDL
model and underestimated by the MPI model, which
also produces a pattern that deviates from the obser-
vations. Other higher-order EOFs are satisfactorily re-
produced by both models.

A similar comparison between observations and the
model simulations was carried out for the eastern
American coast. For the observed mean SLP field in
January (Fig. 5) the edge of the Icelandic low can be
seen, which is also present in the GFDL run with the
right location and strength. In contrast, in the MPI
simulation, this low is shifted too far southwestward.
In July both models produce correctly the position of
the quasi-permanent anticyclone over the North At-
lantic, but in the GFDL run, its strength is overesti-
mated, as was also the case for the North Pacific, while
the MPI model underestimates SLP over North Amer-
ica. With respect to variability (Fig. 6), the NMC anal-
ysis for January shows a broad maximum of the SLP
standard deviation over Greenland. In the MPI run
this maximum is displaced somewhat to the southwest,
whereas in the GFDL run this maximum is very dis-
torted and elongated into the continent. In July, the
observed SLP variability presents a marked zonal sym-
metry; this feature is also found in the MPI and GFDL
simulations, although the models tends to be more
variable. With respect to the EOFs in the winter months
(Fig. 7), the patterns simulated by the GFDL model,
except for EOF 2, do not resemble, even qualitatively,
the ones derived from the historical data. The perfor-
mance of the MPI model is much better in this respect.
In contrast, in the summer, the GFDL model achieves
much better results, most notably in replicating the
first EOF, whereas the MPI results are not as good as
in winter, especially for the lower-order EOFs.
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FIG. 2. Mean SLP fields (mb) in the Pacific-North American sector as derived from the NMC analysis, the GFDL model, and
the MPI model: (a) January; (b) July.

4. Weather state classification

In this section, we describe an application of CART
analysis to identify the weather states that are most
closely related to the occurrence or absence of precip-
itation in four selected stations in the Columbia River
basin of the northwestern United States. Based on the
CART analysis, a stochastic model linking the weather
states with the presence/absence of precipitation, and
precipitation amounts, at selected stations was devel-
oped. In implementing this approach for the condi-
tional simulation of station precipitation associated
with GCM scenarios, two problems must be addressed.
First, the long-term mean climate simulated by a GCM

is usually not the same as in the observations. This
problem can be avoided in sensitivity experiments with
GCMs by considering only the differences between a
control run and an anomaly run. This approach is jus-
tified only when these differences are small, so that the
simulated climate change may be similar to the real
climate change. If these differences are large, the use
of the GCM is meaningless and no information about
future climates can be inferred from it, either at large
or at small scales. This approach is followed here and
in the CART classification scheme by performing the
analysis using only anomalies of the SLP field. The
CART procedure also requires for computational rea-
sons that the number of input variables be limited, but
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at the same time, we are interested in capturing the
essentials of the large-scale atmospheric circulation. For
these reasons the input variables used in the CART
procedure are the time series associated with the most
important EOFs of the SLP anomaly field. To account
for lags between the large-area pressure fields and local
precipitation, we used the EOF scores for the present
and the previous day. In the Columbia River basin the
stations selected for the CART analysis were Arrowrock
Dam, Ellensburg, Stampede Pass, and Wickiup. These
stations provide a reasonable coverage of the basin and
have a minimum of missing data during the period
under study.

The results of the CART analysis for the winter
months (DJF) are schematically shown in Fig. 8 and
in Table 1. The CART procedure identified three

weather states based on the binary decision scheme
illustrated in Fig. 8. The variables that are identified
to define the weather states are the one-day-lagged
scores of EOF 3 to discriminate between state 1 and
the other two, and EOF 5 to discriminate state 2 and
3. For instance, 11 days in which the score of PC 3 is
less than —0.085 are classified as belonging to state 1.
If not, they may belong to state 2 or 3 according to the
value of PCS5. '

To illustrate the situations that give rise to each of
the weather states, SLP composite plots based upon
the days classified as belonging to each of the weather
states are displayed in Fig. 8. The most probable rainfall
occurrence patterns at the four stations for each weather
state can be found in Table 1. It can be seen that the
first weather state is usually associated with the occur-
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FIG. 4. Leading EOFs of the SLP anomaly field (mb) in the Pacific-North American sector as derived from (a) NMC (DJF);
(b) GFDL (DJF); (c) MPI (DJF); (d) NMC (JJA); () GFDL (JJA); and (f) MPIL (JJA).
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FIG. 5. Mean SLP fields (mb) in the Atlantic~North American sector as derived from the NMC analysis, the GFDL model,
and the MPI model: (a) January; (b) July.

rence of precipitation at all stations. The third state is
mainly related to no precipitation at any of the stations,
whereas the second weather state may be accompanied
by no rain, rain at the most western stations, or rain
at all of them. The interpretation of these results may
be as follows: when the score of EOF 3 is negative (see
Fig. 4) a lower-than-normal pressure cell sitting off the
northwest coast of the United States advects humid air

from the southwest into the continent. When the EOF
3 score is positive this mechanism does not operate
but the CART procedure identifies another way by
which rain may reach some or all of the stations. EOF
S (Fig. 4) 1s associated with anomalous geostrophic
zonal wind at approximately the latitude of the index
stations. When the score of EOF 3 is positive, the zonal
(westward) circulation is enhanced and may bring
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