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ABSTRACT: The predictability of the Unified Forecast System (UFS) Coupled Model Prototype 2 developed by the
National Centers for Environmental Prediction is assessed for the boreal summer over the continental United States
(CONUS). The retrospective forecasts of low-level horizontal wind, precipitation and 2-m temperature for 2011–17 are
examined to determine the predictability at subseasonal time scale. Using a data-adaptive method, the leading modes of
variability are obtained and identified to be related to El Niño–Southern Oscillation (ENSO), intraseasonal oscillation
(ISO), and warming trend. In a new approach, the sources of enhanced predictability are identified by examining the
forecast errors and correlations in the weekly averages of the leading modes of variability. During the boreal summer, the
ISO followed by the trend in UFS are found to provide better predictability in weeks 1–4 compared to the ENSO mode and
the total anomaly. The western CONUS seems to have better predictability on weekly time scale in all three modes.
KEYWORDS: Climate prediction; Hindcasts; Operational forecasting; Seasonal forecasting; Intraseasonal variability;
Oscillations

1. Introduction
The prediction of the instantaneous state of the weather
system is reliable only up to about 10 days (e.g., ECMWF
2018), mainly because of the limitations imposed by chaos (e.g.,
Lorenz 1965, 1982) and the instabilities involved. Beyond the
weather time scale, the operational prediction centers instead
have been providing forecasts of seasonal mean climate (e.g.,
Saha et al. 2006, 2014; Stockdale et al. 2011). The basis for extended time-averaged predictions comes from the existence of
low-frequency planetary waves, atmospheric regimes, and similar phenomena (Lorenz 1984). Even more optimism for climate
prediction is based on the influence of slowly varying components such as sea surface temperature (SST), soil moisture, sea
ice, etc. in determining the long-term variability of climate
(Charney and Shukla 1981). The focus on the prediction of
seasonal means is somewhat related to a better prediction of El
Niño–Southern Oscillation (ENSO) and its influence on several
regional atmospheres (e.g., Kim et al. 2012).
The importance of seamless prediction of weather and climate has been recognized recently with the emphasis on predictions at subseasonal time scales (National Academies of
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Science Engineering and Medicine 2016), especially at weeks
3–4. A dominant mode of variability in the tropics is the intraseasonal oscillation (ISO) that manifests as the Madden–
Julian oscillation (MJO) and monsoon ISO (MISO) or the boreal summer ISO (BSISO). Since these ISOs are coherent patterns that vary in a nearly regular manner, several forecasting
centers have been issuing long-range prediction of the filtered
MJO (Gottschalck et al. 2010). A data-driven model showed
that the instantaneous state of filtered MISO can be predicted
with high accuracy several weeks in advance (Krishnamurthy
and Sharma 2017). The extratropics is found to have its own ISOs
(Ghil et al. 2018; Stan and Krishnamurthy 2019) as well as teleconnections with the tropical ISOs (Stan et al. 2017).
There has been no satisfactory answer to the fundamental
question whether climate is predictable (Lorenz 2006). A more
tractable question is whether some aspects of climate in space and
time can be predicted, which may lead to identifying the sources of
such predictability. Some of the recent effort in climate prediction
is focused on the scientific basis and sources of predictability at
intraseasonal to seasonal time scales (Robertson and Vitart 2019;
Merryfield et al. 2020). The ocean–atmosphere interaction of
ENSO and the organized convection in MISO/BSISO and MJO
are major sources of slow variability and nearly regular cycles
within a season. The motivation for this study stems from the
possibility of signals and teleconnections of ENSO and ISOs over
the continental United States (CONUS) providing enhanced
predictability at subseasonal time scale.
Several studies have investigated the influence of atmospheric regimes, the MJO, and ENSO on the predictability of
weather over the United States during the boreal winter. A
summary of the studies on the teleconnections between tropics
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and extratropics is provided by Stan et al. (2017). The atmospheric regimes or clusters over the United States during
winter seem to be related to or modulated by MJO and ENSO
(Robertson and Ghil 1999; Riddle et al. 2013). The forecast
skill of winter clusters was found to be limited to two weeks by
Vigaud et al. (2018), who further suggested that the relation with
MJO and ENSO offers potential for subseasonal predictability. The
prediction skill of the wintertime surface temperature over North
America was suggested to be better up to three weeks during certain phases of MJO (Rodney et al. 2013) and up to four weeks with
information from MJO and ENSO (Johnson et al. 2014).
During winter, the North American precipitation distribution
shows spatial and temporal interference patterns and modulation
due to the combined influence of MJO and ENSO (Arcodia et al.
2020). An analysis of the Climate Forecast System version 2 (Saha
et al. 2014) predictions of wintertime atmospheric circulation
over North America showed individual winters with better skill
up to 30 days although the average skill was limited to 10–15 days
(Robertson et al. 2020). While these studies have examined the
predictability over North America during the boreal winter, there
has been almost no study addressing the prediction during the
boreal summer. A recent study (Huang et al. 2019) of the model
forecasts, however, indicated boreal summer precipitation to be
concentrated over central and southern United States but found
the winter predictions to have more skill.
The objective of this study is to assess the predictability of a
coupled model over the CONUS during the boreal summer and to
identify the sources of predictability at subseasonal time scale. The
month-long retrospective predictions of the coupled model generated by the National Centers for Environmental Prediction (NCEP)
of the National Oceanic and Atmospheric Administration (NOAA)
for the period 2011–17 are used. The sources of predictability are
identified by examining the leading space–time modes of variability
determined by applying a data-adaptive method. The errors and
their growth and the spatial correlation between observations and
forecasts in each mode will be studied to assess the predictability of
the model in weeks 1–4 of the prediction.
In section 2, the coupled model and its retrospective forecasts, observed and reanalysis data used, and the method of
analysis are described. The errors in the prediction of total
anomalies of low-level horizontal wind, precipitation and 2-m
temperature are discussed in section 3. The leading modes of
variability are obtained in section 4 and the model’s performance in predicting these modes are discussed. Section 5
provides quantitative assessment of predictability through
the analysis of forecast errors and correlation analysis and
identifies sources of better predictability. A summary and
discussion are given in section 6.

tripolar 0.258 global grid. The retrospective forecasts of the
UFS, covering the period April 2011–December 2017, were
generated by the NCEP. The initial conditions for the atmospheric and sea ice models are from the Climate Forecast
System Reanalysis data while the ocean model is initialized
using the Climate Prediction Center (CPC) Hybrid Global
Ocean Data Assimilation System. Each retrospective forecast
is 35 days long starting from the first and 15th days of each
month. Since this study is focused on the boreal summer, daily
values of various variables of forecasts initiated during June–
September (JJAS) are analyzed. There are 56 forecasts for the
entire period of analysis accounting for two initial conditions
each month for 28 months during JJAS 2011–17. For convenience and brevity, the retrospective forecasts will be referred
to simply as forecasts or predictions, hereafter.

2. Model, data, and method of analysis

The main method of analysis is the multichannel singular
spectrum analysis (MSSA), also called extended EOF, to extract the space–time modes of climate variability over the
American region. This data-adaptive method, which extracts
both temporal and spatial patterns, yields trends, persistent
modes, and nonlinear oscillations when applied to time series
of spatial maps (Ghil et al. 2002). A given time series X(t) at L
spatial grid points at time t 5 1, . . ., N is transformed into M
lagged copies, each of length N 2 M 1 1, to construct a grand

a. Model
The model adopted for this study is the Unified Forecast
System (UFS) Coupled Model Prototype 2 developed by the
NCEP. The version of the UFS is the coupled model with the
atmospheric component (FV3GFS) at C384 (;28 km) resolution, and oceanic (GFDL MOM6 model; Adcroft et al. 2019)
and sea ice (Los Alamos CICE5 model) components with a

b. Data
Daily precipitation was obtained from CPC unified (CPCU)
gauge-based analysis of global daily precipitation (Xie et al.
2010) on a 0.58 3 0.58 grid for the period 2011–17. Since the
CPCU data are only on land points, the daily precipitation
from the Global Precipitation Climatology Project (GPCP;
Huffman et al. 2001) version 1.2 covering both land and ocean
on a 18 3 18 grid is used for the period 1997–2017. From the
CPC, the analysis of daily maximum and minimum temperature at 2 m on a 0.58 3 0.58 grid over CONUS was also obtained
for the period 2011–17. The daily average temperature was
calculated as the average of daily maximum and minimum
temperatures. The daily mean zonal velocity u and meridional
velocity y on T255 horizontal grid (;0.7038 resolution) at
850 hPa from the European Centre for Medium-Range Weather
Forecasts (ECMWF) interim reanalysis (ERA-Interim, herein
ERAI; Dee et al. 2011) are used for the period 1979–2011. The
daily mean sea surface temperature on a 0.258 3 0.258 grid for the
period 1982–2017 was provided by the Optimally Interpolated
SST version 2 (OISST2) dataset developed by NOAA (Reynolds
et al. 2007). For convenience, both the observed and reanalysis
data will be referred to as observed data. For both the observed
and model data, the daily climatological mean was computed as
the average of the calendar day over the period of the data.
Although the averaging period is short for the model data, other
methods such as using harmonics are not suitable because each
forecast is only 35 days long. The daily anomalies are computed by
subtracting the climatological mean from the daily values of the
variable under consideration. Similarly, the weekly means and
anomalies are computed by averaging the daily means and
anomalies, respectively, over the week under consideration.

c. Method of analysis
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lagged covariance matrix C. By diagonalizing C, the space–
time empirical orthogonal functions (ST-EOFs) are obtained
as eigenvectors, each consisting of M lags of L-dimensional
map. The LM eigenvalues explain the variance while the
space–time principal components (ST-PCs), each of length
N 2 M 1 1, are obtained by projecting the ST-EOFs on the
original lagged data. The reconstructed component (RC) of a
specific eigenmode is computed by combining the corresponding ST-EOF and ST-PC using the formula given by Ghil
et al. (2002). The RCs possess the same spatial and temporal
dimensions and the phase of the original time series, and their
sum is equal to the original time series. An oscillation, which is
not strictly periodic, appears as a pair of eigenmodes with almost degenerate eigenvalues and with their ST-EOFs and STPCs in quadrature (Plaut and Vautard 1994). The statistical
significance of the eigenmodes is determined by following a
Monte Carlo test against signals from red noise (Allen and
Robertson 1996; Allen and Smith 1996).

in the eastern half of the United States for all the weeks while
the western states show very small growth with maximum error
of about 2 mm day21. The errors in the eastern part grow from
week 1 to 3 with the largest errors of up to about 5 mm day21
occurring in the southern and eastern coastal states. The errors
in week 4 remain somewhat the same as in week 3. The errors
in 2-m temperature are nearly uniform around 1 K over the
CONUS in week 1 and grow steadily from week 2 to 4. The
errors grow mostly over the entire northern part while those in
the southern part are under 2 K. Large errors reaching up to
4 K in weeks 3 and 4 cover the Midwest and states in the
western and eastern parts. The errors in Fig. 2 reveal that there
is considerable difference between the precipitation and temperature in the magnitude and the location of the growth. The
errors described in this section correspond to all time scales
and all the phenomena over the CONUS and reveal limited
predictability at subseasonal time scale. In the next two sections, the predictability at subseasonal time scale and some
possible sources are discussed.

3. Errors in prediction
The aim of this study is to assess the predictability of possible
sources or modes of variability that provide better predictions
at subseasonal time scale, specifically at weeks 1–4 during the
boreal summer. Before identifying such sources, this section first
examines the errors in the model’s prediction of the total anomalies for an understanding of the general forecast skill of
the model.
The root-mean-square (RMS) errors in the total anomalies
of horizontal wind at 850 hPa, precipitation, and 2-m temperature in week 1–4 predictions are examined. For each variable,
the weekly anomalies for the first four weeks of each prediction
by the model (i.e., starting from the first and 15th of each
month) and the corresponding weekly anomalies of observation were computed. The RMS error for the first four weeks
were computed as the average of the difference between the
model prediction and observation over all the 56 forecasts at
each grid point over CONUS during JJAS of 2011–17.
The RMS errors in the zonal and meridional wind at 850 hPa
are shown in Figs. 1a and 1b, respectively, for week 1–4 predictions. For both the zonal and horizontal wind, the error
growth is lower in the western states and generally higher to the
east from week 1 to 4. In the zonal wind (Fig. 1a), errors reach a
maximum of about 2 m s21 during week 2 and do not change
much during weeks 3–4 in the western states. However, over
the eastern half of the United States, errors grow from week to
week reaching a maximum of about 4 m s21, with large errors
along the East Coast, mid-Atlantic, and part of the Midwest. In
the meridional wind (Fig. 1b), errors do not grow much after
week 2 over the western states with a maximum of about
2 m s21, but they grow steadily over the Midwest and the states
to its south, reaching a maximum of 4 m s21 over a large part.
The errors in the eastern part grow up to about 2 m s21 in week
2 and do not change much during weeks 3–4.
The RMS errors in precipitation and 2-m temperature for
weeks 1–4, shown in Fig. 2, reveal that there are differences in
the spatial structure between the two fields while the forecast
errors grow. The errors in precipitation (Fig. 2a) are also larger

4. Modes of variability
The approach used in this study to identify the possible
sources of predictability in the subseasonal time scale is to
decompose the total anomaly into modes of variability in both
space and time. Such space–time patterns or modes are
extracted by applying MSSA (Ghil et al. 2002), described in
section 2, on daily anomalies of suitable variables. The domain
selected for performing MSSA is 1808–158W, 208S–418N, which
includes oceanic and land area around CONUS so that the
influences of different phenomena such as ENSO and ISO are
represented. The MSSA was applied on daily anomalies of u,
y at 850 hPa from ERAI for the period 1 June–30 September of
1979–2017 using lags of 0–60 days at a 1-day interval. The
choice of the variables and the period of analysis was based on
the need to obtain modes of variability that are statistically
significant and cover the oceanic region to properly capture
dynamics of the region. Other variables that were considered,
such as precipitation, have several deficiencies such as lack of
coverage over ocean and nonavailability for either long periods
or on daily time scale. The length of the lag window allows the
resolution of intraseasonal oscillations. The MSSA was carried
out by including u and y together. To avoid the dominance of
the variance by either of the two variables, u and y were divided
by normalization constants before applying MSSA, and the
components of the resulting eigenvectors were later multiplied
by the corresponding normalization constants. The normalization constant for each variable was computed as the RMS
of its value over all the grid points and over the entire period.
The MSSA has been extensively used by previous studies to
obtain space–time patterns of intraseasonal oscillations, seasonally persisting modes, and trends (e.g., Krishnamurthy and
Shukla 2007).

a. Leading modes of horizontal wind in observation
The MSSA of the horizontal wind yielded eigenvectors,
which are the ST-EOFs, each with 61 lagged spatial maps, and
the corresponding ST-PCs. A preliminary examination showed
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FIG. 1. RMS error of UFS forecasts in the weekly average total anomalies of (a) 850-hPa zonal wind u (m s21) and
(b) 850-hPa meridional wind y (m s21) for week 1–4. The week of the forecast is indicated in the upper right corner
of the panel. The RMS error includes all the forecasts during JJAS 2011–17.

that the first four eigenvectors exhibit clearly identifiable spatial patterns in ST-EOFs and distinct intraseasonal and interannual variability in the time series of ST-PCs. These four
leading modes are statistically significant above the 5% level as
determined by using the Monte Carlo test against red noise
(Allen and Robertson 1996; Allen and Smith 1996). As other
eigenmodes are not so well discernable, the rest of the paper
will be devoted to the discussion of the leading four eigenmodes.
Eigenmodes 1 and 4 are found to be seasonally persisting
modes while eigenmodes 2 and 3 form an oscillatory pair. The
eigenvalues of eigenmodes (2, 3) are almost degenerate and
their ST-EOFs and ST-PCs are in quadrature. For each

eigenmode, the corresponding ST-EOFs and ST-PC are combined to obtain the RC, which has the same spatial and temporal dimensions as the original time series. The RC of each
eigenmode can be analyzed separately. An EOF analysis was
performed separately on each of the first four RCs to obtain
their dominant spatial structures and time variability. The first
EOF of each RC explains almost all of the variance of the
corresponding mode because of its coherent structure. The
spectra of the first PC (PC1) of the four RCs are shown in
Fig. 3a. The first and fourth RC (RC1 and RC4) show red
spectra, indicating persisting non-oscillatory behavior within
the season. As stated earlier, the second and third RC (RC2
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FIG. 2. RMS error of UFS forecasts in the weekly average total anomalies of (a) precipitation (mm day21) and
(b) 2-m average temperature (K) for weeks 1–4. The week of the forecast is indicated in the upper right corner of
the panel. The RMS error includes all the forecasts during JJAS 2011–17.

and RC3) satisfy the criteria to be an oscillatory pair and reveal
spectra with peaks around 50 days. The spectra of RC2 and RC3
are broad because they are not perfectly periodic but consist of
nonlinear oscillations with an average period of 50 days. Since the
period of the oscillatory pair is subseasonal, it will be referred to as
ISO. Further analysis of the ISO will be carried out by adding RC2
and RC3 (hereafter jointly RC23) since they are in quadrature
and form two parts of the oscillation.
The magnitude of the leading eigenmodes is examined by
plotting the variance of the corresponding RC as the percentage of the variance of the total anomaly, as shown in Figs. 3b
and 3c, respectively for the u and y components of the RCs. The

variance was calculated by using all the days of JJAS 1979–
2017. The largest variance of up to about 12% in u is present in
the equatorial Pacific and Central America and its coast for
both RC1 and RC23 (Fig. 3b). In RC4, significant variance is
seen only over the Amazon River basin in South America. The
variance of y (Fig. 3c) is generally about half of that of u
(Fig. 3b) and has large values in RC1 over the equatorial
Pacific, Central America, the northern part of South America,
and near the U.S. West Coast. However, the variance of y is
large only over Central America in RC23 and over the eastern
equatorial Pacific and Central America in RC4. The variance
over CONUS is small in both u and y.
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FIG. 3. (a) Power spectra of PC1 of RC1 (red), RC2 (purple), RC3 (blue), and RC4 (green) of ERA-Interim 850hPa (u, y) obtained from MSSA of daily anomalies of JJAS 1979–2017. Variance of RC1, RC23, and RC4 of (b) u and
of (c) y is in percent of total variance of each variable.

The first EOF (EOF1) in each of RC1 and RC4 and the first
two EOFs of RC23, which are in quadrature, explain most of
the variance (.90%) of the corresponding RC. Therefore, it is
sufficient to examine EOF1 and PC1 to understand the space–
time structure of the corresponding mode. In Fig. 4, EOF1 is
plotted for RC1, RC23, and RC4 as horizontal wind vectors.
The strongest winds in RC1 (Fig. 4a) are mainly zonal with
westerlies in the central equatorial Pacific and easterlies that
extend from the North Atlantic to the eastern Pacific across

Central America. These easterlies converge with the westerlies
in the northern Pacific and travel northward while the westerlies in the Pacific to the south of the equator become
northwesterlies and diminish near the west coast of South
America. Weak westerlies are present over the United States
and a somewhat anticyclonic circulation exists over the North
Atlantic. The dominant winds in RC23 (Fig. 4b) consist of intense westerlies in the tropical Pacific (around 108N) that are
stronger near the coast of Central America and become weak
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FIG. 5. Point correlation of PC1 of (a) RC1, (b) RC23, and
(c) RC4 of ERA-Interim 850-hPa (u, y) with the daily anomaly
of SST.

FIG. 4. EOF1 of (a) RC1, (b) RC23, and (c) RC4 of ERA-Interim
850-hPa (u, y) (m s21) obtained from MSSA of daily anomalies of
JJAS 1979–2017.

northerlies in the Gulf of Mexico. A moderate cyclonic circulation is present near the west coast of the United States and
Mexico while the winds are very weak over the Atlantic and
the United States. The winds in RC4 (Fig. 4c) are moderate
with an anticyclonic circulation in the northern Pacific and
southeasterlies from the eastern Pacific converging with the
westerlies in the central equatorial Pacific. Weak to moderate
easterlies are present over the Atlantic and the Amazon
River basin.
The temporal variation of EOF1 of each RC is determined
by the daily PC1 as shown in Fig. S1 in the online supplemental
material for the period JJAS 1979–2017, where each PC is divided by its standard deviation. To show the variability within a
season, PC1 is plotted in Fig. S2 for JJAS 1997 as an example.
The PC of RC1 exhibits interannual variability with several
strong positive (negative) years coinciding with El Niño (La
Niña) events, such as 1997 and 1988 (Fig. S1a). During such
years, the PC of RC1 varies with the same sign throughout the
season as seen, for example, during 1997 (Fig. S2a). For this
reason, RC1 will be referred to as seasonally persisting mode.
The PC1 of the oscillatory mode RC23 (Fig. S1b) varies with
positive and negative values every year with different amplitude

but does not show a preference toward interannual variability
such as ENSO. Within a season, such as during 1997 (Fig. S2b), the
oscillatory behavior is evident with the modulation of both amplitude and frequency at an average period around 50 days. From
the variability of PC1 of RC4 (Fig. S1c), it is apparent that this
mode consists of an increasing trend which is steeper after 2000.
This trend mode is also seasonally persisting in most of the years,
as shown, for example, during 1997 (Fig. S2c).
To identify the MSSA modes with known phenomena, such
as ENSO, and to understand the relation with ocean variability,
a correlation analysis with the SST was performed. The point
correlation between the PC1 of each RC and the daily SST
anomalies for the period JJAS 1982–2017 was computed using
the OISST2 dataset, which is available only after 1982. The
correlation with the PC1 of RC1 (Fig. 5a) shows high correlation in the equatorial Pacific with the well-known horseshoe
pattern associated with ENSO, consisting of positive values to
the east surrounded by negative values in the west. This correlation is consistent with the time series of PC1 of RC1
(Fig. S1a), which also shows large amplitudes for most of the
ENSO years during this period. The first MSSA eigenmode,
represented by RC1, is thus essentially a seasonally persisting
ENSO mode. The correlation of the ISO (RC23) is very weak
with no spatial pattern of any known phenomena (Fig. 5b) and
indicates a weak role of the ocean–atmosphere interaction for
the ISO. For the trend mode RC4, the correlation is moderate
and positive over most of the oceanic region shown (Fig. 5c)
and points toward a possible relation with the warming trend of
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the oceans. These three leading modes seem to have the potential to exhibit enhanced predictability in precipitation and
temperature over the CONUS because of their variability at
slower time scales with more regular behavior.

b. Leading modes of horizontal wind in model forecasts
The objective of this study is to assess the predictability of
UFS and to identify the sources of potential subseasonal predictability. For this purpose, the leading modes of variability in
the observed low-level horizontal circulation have already
been obtained. A similar decomposition by applying MSSA on
UFS forecasts is not feasible because of the length of each
forecast. Although the forecasts of UFS cover the period 2011–
17, each individual forecast is only 35 days long. Therefore, the
forecasts are not suitable for representation in lagged time
coordinates with a lag window of 61 days required for MSSA as
done in the case of observed winds to obtain the subseasonal
modes. An alternate method is adopted to obtain the space–
time patterns of MSSA modes in UFS forecasts as follows. The
EOFs and PCs of the RCs of the three leading MSSA modes in
observed 850-hPa winds (i.e., RC1, RC23, and RC4) are already available. While EOF1 explains about 90%–96% of the
variance of the RCs, the first six EOFs of each RC together
capture almost all the variance (.99.5%) of the corresponding
RC. The first six PCs of each RC in the observation are projected on the daily anomalies of the 850-hPa horizontal wind of
the forecasts to obtain the six EOFs of the corresponding RC in
the forecasts. For each projection, the corresponding PC was
concatenated for the period of JJAS 2011–17. The six PCs and
resulting six EOFs of the forecasts are suitably multiplied and
added to obtain the corresponding RC of the forecasts. Thus,
the RC1 (ENSO mode), RC23 (ISO), and RC4 (trend) in
model forecasts are obtained for each of the 56 forecasts during
JJAS 2011–17. The method of projecting observed EOFs or
PCs on the total anomalies of model forecasts has been widely
used to provide forecasts and assess the predictability of the
corresponding mode, such as in MJO forecasts (e.g., Wheeler
and Hendon 2004; Gottschalck et al. 2010). Further, the first six
PCs of the RCs of the horizontal wind in observation are
projected on the daily anomalies of precipitation and 2-m
temperature in both observations and UFS forecasts to obtain
the RCs of the corresponding fields. The MSSA method captures the temporal variability with a particular spatial pattern
on a daily time scale. These patterns are unique and continuous. Therefore, the shorter period of 2011–17 is a subset of the
unique trajectories of the longer period of time of 1979–2017.
A long period of time mostly increases the confidence levels at
which these modes are captured.
The EOF1s of RC1 (ENSO mode), RC23 (ISO), and RC4
(trend) of 850 hPa (u, y) anomalies in the UFS forecasts during
JJAS 2011–17, obtained by the projection method, are plotted
in Fig. 6. The spatial structure and the amplitude of the winds
of the ENSO mode and ISO in the model forecasts (Fig. 6) are
generally similar to those of the observation (Fig. 4). The
model’s wind in the ENSO mode (RC1) is slightly stronger
along the equator and to the north in the Pacific, near the west
coast of Central America and Mexico and over the North
Atlantic (Fig. 6a). The directions of the winds in the model and

FIG. 6. EOF1 of (a) RC1, (b) RC23, and (c) RC4 of 850-hPa (u, y)
(m s21) in UFS forecasts obtained by projecting the PC1 of the
corresponding RC of ERA-Interim 850-hPa (u, y). All the UFS
forecasts initiated on the first of each month during JJAS 2011–17
are included.

observations are similar in most of the domain. The model has
reproduced the winds of the ISO (RC23) quite well (Fig. 6b)
when compared to the observation (Fig. 4b) except for slightly
weaker wind near the west coast of Central America and over
South America while slightly stronger over the eastern part of
United States. The trend mode (RC4) in the model forecasts
(Fig. 6c), however, shows some differences from the observed
mode (Fig. 4c), although the general direction of the flow is
similar in most of the Pacific. The model winds are weaker in
the southeastern Pacific and stronger in the central Pacific.
More detailed quantitative assessment of the model’s performance will be presented later.

c. Leading modes in precipitation and 2-m temperature
The space–time structures of the three leading modes of
variability in precipitation and 2-m temperature are now examined for both model forecasts and observations. The method
of projecting the PCs of the RCs of the observed horizontal wind
described earlier was used to obtain the corresponding RCs
of observed and model fields. The projection method was applied on the daily anomalies of precipitation for the period JJAS
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FIG. 7. EOF1 of (top) RC1, (middle) RC23, and (bottom) RC4 obtained by projecting the PC1 of the corresponding RC of ERA-Interim 850-hPa (u, y) on (a) GPCP precipitation and (b) UFS forecast precipitation
(mm day21). All the UFS forecasts initiated on the first of each month during JJAS 2011–17 are included.

2011–17 in observations and model forecasts. In the observation,
the leading modes were extracted separately for GPCP and
CPCU precipitation. The GPCP dataset has coverage over both
land and ocean regions whereas the CPCU dataset, which is only
over land, has higher resolution. The EOF1s of ENSO mode
(RC1), ISO (RC23), and trend (RC4) for precipitation in GPCP
and UFS forecasts are shown in Fig. 7. The corresponding EOFs
in CPCU and UFS precipitation are plotted in Fig. S3 where the
UFS precipitation is masked over the ocean for easy comparison
with CPCU. The spatial structures of precipitation in GPCP
(Fig. 7a), CPCU (Fig. S3a), and UFS (Fig. 7b; see also Fig. S3b)
are mostly similar in both location and magnitude but have some
differences. In the ENSO mode (RC1), the model has slightly
stronger positive anomalies in the equatorial Pacific (Fig. 7b)
compared to GPCP (Fig. 7a), consistent with the stronger

westerlies in that location (Fig. 6a). The model reproduces the
negative anomalies over Mexico, Central America, and part of
the North Atlantic but the differences in the northern United
States and North Atlantic correspond to weak anomalies. The
anomalies over the United States in the UFS (Fig. S3b) are
similar to those in the CPCU (Fig. S3a) but differ over Mexico
and northeast South America. The ISO (RC23) in GPCP
(Fig. 7a) has strong positive anomalies in the eastern Pacific,
Central America, and the Gulf of Mexico, consistent with the
strong westerlies in those regions (Fig. 4b). The ISO in the UFS
forecasts (Fig. 7b) also shows strong positive anomalies in the
same regions but smaller in the eastern Pacific due to relatively
moderate winds (Fig. 6b). The negative anomalies present in the
central Pacific are stronger in GPCP but moderate in the UFS
while weaker negative anomalies are present over the United
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FIG. 8. EOF1 of (top) RC1, (middle) RC23, and (bottom) RC4 obtained by projecting the PC1 of the corresponding RC of ERA-Interim 850-hPa (u, y) on 2-m average temperature (K) of (a) CPC observation and (b) UFS
forecasts. All the UFS forecasts initiated on the first of each month during JJAS 2011–17 are included.

States in both GPCP and UFS but at different locations. The
negative anomalies over the United States and Mexico are
broader and in a tilted pattern in CPCU ISO (Fig. S3a), which is
partially predicted by the UFS (Fig. S3b). The trend (RC4) in
GPCP (Fig. 7a) consists of mostly positive anomalies over the
Pacific and largely negative anomalies to the east of the Pacific.
The UFS has strong positive anomalies over a large region of the
equatorial Pacific (Fig. 7b), reflecting the presence of strong
westerlies (Fig. 6c), while capturing the negative anomalies to
the east although with slightly higher magnitude. There is more
agreement between CPCU and UFS over the United States with
largely positive anomalies (Fig. S3), which GPCP does not show,
and with negative anomalies over the Central America.
The EOF1s of the three leading modes in 2-m daily average
temperature obtained by the projection method for the period

JJAS 2011–17 are shown in Fig. 8 for CPC observation and
UFS forecasts. Due to the coverage of the CPC data, this
analysis is restricted to the CONUS. The ENSO mode (RC1)
in the observation has a dipole-like structure with positive
anomalies in the western half of the CONUS where the maximum value in several location reaches 0.5 K. The eastern half
of the CONUS consists of negative anomalies with the largest
values over Texas and neighboring states. However, the ENSO
mode in the UFS forecasts (Fig. 8b) consists of large values
over most of the CONUS. The positive anomalies are confined
to northwest and the eastern and southern coastal states. The
ISO (RC23) of temperature has negative anomalies over the
western and southeastern states and positive anomalies over
the rest of the CONUS in CPC observation (Fig. 8a). This
pattern is largely reproduced by the UFS (Fig. 8b) but with
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different magnitudes. The negative anomalies in the model are
weaker and also cover slightly lesser area while the positive
anomalies are stronger with maximum values over the Midwest.
In the CPC observation, the trend (RC4) consists of negative
anomalies over most of the CONUS with higher values in the
Midwest and southern states and positive anomalies in part of the
western, northeastern and southeastern states. The UFS largely
captures the observed pattern but the negative anomalies extend
to the east coast except for a part of Florida. The positive
anomalies cover a slightly larger area in the western part. A
similar analysis of the daily maximum 2-m temperature (Fig. S4)
shows almost the same patterns as in the daily average temperature (Fig. 8) in all the three modes.

d. Space–time evolution of ISO
The ENSO mode and the trend are seasonally persisting
while the ISO varies within a season with an average period of
50 days. The space–time structure of the ISO within a season is
of interest to understand its propagation and to assess the
model’s ability to predict such evolution. The space–time
structure of the ISO is best understood with the help of phase
composites. Following the method described by Moron et al.
(1998), the amplitude A(t) and phase u(t) of the ISO, as a
function of time t, are determined. Since u varies from 0 to
2p during each cycle of the ISO, eight phase intervals, each of
length p/4, are considered. The phase composites of the ISO
RCs are constructed by averaging the corresponding RC in the
phase intervals (k 2 1)p/4 # u # kp/4, with k 5 1, 2, . . . , 8, over
the period of analysis. For brevity, the phase interval k will be
referred to as phase k.
The composites of 850-hPa (u, y) of ISO (RC23) in observation (ERAI) and UFS forecasts for the period JJAS 2011–17
are plotted as vectors for the first half of the oscillatory cycle
(i.e., phases 1–4) in Fig. 9. The composites of the second half of
the cycle (i.e., phases 5–8) are almost identical to the first half
but with opposite sign because of the coherent and oscillatory
nature of the ISO, and therefore not shown. In phase 1, strong
westerlies are present in the equatorial Pacific, both to the
north and south of the equator, in both ERAI (Fig. 9a) and
UFS (Fig. 9b). The westerlies in ERAI extend up to the coast
of Central America but the UFS shows easterlies near the
coast. Similarly, the westerlies in the North Pacific reach the
west coast of the United States in ERAI while the westerlies in
UFS do not. The westerlies in ERAI propagate eastward
crossing Central America and reaching the Gulf of Mexico
during phases 2 and 3. The UFS also shows eastward propagation of westerlies but with weaker amplitude over Central
America. In phase 3, easterlies appear in the southern part of
the Pacific in ERAI and grow in amplitude in phase 4. Weak
easterlies begin to appear during phase 4 in the UFS forecasts.
Both the ERAI and UFS composites show weaker anomalies
over the CONUS in all the phases.
Similar phase composites were constructed for the ISO RC
in precipitation of observation (both GPCP and CPCU) and
UFS forecasts for the period JJAS 2011–17, as shown in Fig. 10
and Fig. S4. The strong positive anomalies of precipitation (up
to about 2 mm day21) that appear in the eastern Pacific during
phase 1 in GPCP (Fig. 10a) move eastward across Central
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America and reach Florida and Cuba in phases 2 and 3 and
diminish in phase 4. The propagation of precipitation is consistent with the movement of westerlies (Fig. 9a) in transporting the moisture to the appropriate regions. The UFS also
shows eastward moving positive anomalies in the same region
but with lower magnitude. The GPCP composites also reveal
negative anomalies developing in the equatorial Pacific in
phase 3 and strengthening and moving slowly eastward in
phases 3 and 4. The negative anomalies that appear in phase
2–4 over the equatorial Pacific in the UFS are weaker and
cover a smaller region but are also accompanied by positive
anomalies. The composites over the CONUS and the other land
regions are better understood by comparing the higher-resolution
CPCU precipitation and UFS forecasts in Fig. S5 (note the different scale). The negative anomalies in CPCU over Mexico and
the southern United States in phase 1 strengthen, expand, and
move northeastward in phases 2–4 (Fig. S5a). The UFS forecasts
also show similar movement of negative anomalies but with lesser
magnitude during phases 1–3 (Fig. S5b). The positive anomalies
over the U.S. Midwest, Florida, and Central America and their
strengthening and movement in CPCU are also reproduced by the
UFS forecasts covering a slightly larger region over the United
States. There are discrepancies between CPCU and UFS in the
patterns over South America.
During the boreal summer, the leading mode of variability
in the Indian monsoon is an ISO that has strong northward and eastward propagation extending over the Pacific
(Krishnamurthy and Shukla 2008; Krishnamurthy and
Achuthavarier 2012; Hazra and Krishnamurthy 2015).
There seems to be a phase relation between monsoon ISO and
the ISO (RC23) of this study. To examine this possibility, the
ISO phase composites of GPCP and UFS precipitation are
plotted over an extended region in Fig. S6. The GPCP composites show a large tilted band of negative anomalies over the
Indian peninsula and extending from the Arabian Sea to the
central Pacific in phase 1 and moving northeastward in phases 2
and 3 (Fig. S6a). At the same time, positive anomalies are
present near the west coast of Mexico and Central America
(which was already discussed). The tail of the negative anomalies
from the Indian monsoon reaches the edge of the eastern Pacific
in phase 4 while positive anomalies from the Indian Ocean have
reached the Indian peninsula to start the second half of the ISO.
The UFS forecasts are able to reproduce the extended band of
negative anomalies over India and the Pacific and its movement
although with lesser magnitude. The UFS also captures the outof-phase relation between the eastern Pacific and the Indian
monsoon region.
The ISO phase composites of the 2-m mean temperature of
CPC observation and UFS forecasts, shown in Fig. S7, are now
examined. The CPC temperature consists of negative anomalies over most of the CONUS with the largest values (up to
about 0.6 K) over the Midwest and positive anomalies along
the west coast and along a part of the southern states in phases
1 and 2 (Fig. S7a). The UFS forecasts also capture these patterns in phases 1 and 2 although with different locations of the
large values and a patch of positive anomalies in the Northeast
(Fig. S7b). In phases 3 and 4, the negative anomalies shrink to
the western region while positive anomalies expand over the
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FIG. 9. Phase composites of RC23 (m s21) of 850-hPa (u, y) in (a) ERA-Interim and (b) UFS forecasts shown for
four phases (1–4) of half a cycle of the oscillation. The phase interval is indicated in the upper right corner of the
panel. The UFS composites include all the forecasts during JJAS 2011–17.

eastern half. However, in the UFS forecasts, the negative
anomalies with higher values still cover a large area in the
Midwest and neighboring region while positive anomalies expand in the east and west. There is no discernable propagation
associated with the changes in temperature during the course
of the ISO cycle.

5. Predictability of the leading modes
Earlier in section 3, the errors of the weekly anomalies in the
UFS forecasts were examined for the total anomalies. In this
section, further quantitative assessment of the predictability of
the UFS will be carried out for week 1–4 forecasts over the
CONUS. Specifically, the predictability in the ENSO mode,
ISO, and trend mode will be studied to explore if any of these

modes correspond to sources of predictability at subseasonal
time scale. For this purpose, the RMS errors in weekly
anomalies of RC1, RC23, and RC4 in the week 1–4 forecasts
will be assessed. The spatial correlation of the weekly anomalies of each mode will also be examined.

a. Forecast errors
The RMS errors in the UFS forecasts of weekly average
RC1, RC23, and RC4 for 850-hPa (u, y), precipitation and 2-m
temperature were computed exactly the same way as in the
case of total anomalies (section 3). The RMS error for week
1–4 for each variable and each mode was computed by averaging
the difference between the forecast and observation over all the
56 forecasts at each grid point over CONUS during JJAS of
2011–17. The RMS errors of 850 hPa (u, y) in the ENSO mode
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FIG. 10. Phase composites of projected RC23 of (a) GPCP precipitation and (b) UFS precipitation (mm day21)
for four phases (1–4) of half a cycle of the oscillation. The phase interval is indicated in the upper right corner of the
panel. The UFS composites include all the forecasts during JJAS 2011–17.

(RC1) are shown in Fig. 11. The errors in the zonal wind
(Fig. 11a) in week 1 are smaller in the western half of the
CONUS and in the southern states and larger in the Midwest
and Northeast. The errors grow only by a small amount during
weeks 2 and 3 and even reduce over the Midwest in week 4. The
errors in the meridional wind (Fig. 11b) are low over much of the
CONUS but higher over parts of the Midwest, Texas, and
neighboring states in week 1. The errors grow only in the
Midwest and the region south of it in week 2. During weeks 3
and 4, there is almost no further growth over the CONUS. Thus,
in the western half of the CONUS, the error growth in ENSO
mode of the 850-hPa horizontal wind is minimal. The errors of

the ENSO mode in the precipitation and 2-m average temperature are shown in Figs. 12a and 12b, respectively. The errors in
the precipitation (Fig. 12a) are small over the western states in
all the four weeks while they are larger in the eastern half with
many areas of maximum values. There is almost no growth of
errors in precipitation during the four weeks over the CONUS.
The standard deviation of the observed RC1 (figure not shown)
is about 2–3 times the errors in Fig. 12a, thereby p
ruling
out that
ﬃﬃﬃ
the errors have already reached saturation (i.e., 2 times standard deviation). For the 2-m average temperature, the errors
during week 1 are uniformly small except for slightly higher
value in the central part (Fig. 12b). The errors grow in weeks 2
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FIG. 11. RMS error of UFS forecasts in the weekly average RC1 of (a) 850-hPa zonal wind u (m s21) and (b) 850hPa meridional wind y (m s21) for weeks 1–4. The week of the forecast is indicated in the upper right corner of the
panel. The RMS error includes all the forecasts during JJAS 2011–17.

and 3 with larger values over much of the northern and western
regions and do not grow further in week 4. The errors in the
horizontal wind and the precipitation indicate that the model’s
performance in the western half of CONUS is better in the
ENSO mode, which may be a reflection of the seasonally persistent nature of the mode and role of the ocean–atmosphere
interaction.
The errors in the weekly average 850-hPa horizontal wind of
the ISO (RC23) are shown in Fig. 13. The errors in the zonal
wind (Fig. 13a) are quite small over the western states, moderate over the Midwest, and large in the eastern part during
week 1. The errors remain more or less constant over most of

the CONUS and grow only in the eastern region. In the meridional wind (Fig. 13b), the errors are small over the CONUS
except for larger values over part of the Midwest in week 1. The
errors in the Midwest grow during week 2 but diminish during
weeks 3–4 and the errors do not grow further over the rest of
the CONUS. The errors in the precipitation of the ISO (RC23),
shown in Fig. 14a, are smaller over western half of the CONUS
and parts of the eastern half in week 1. This pattern of errors
and their magnitude remain almost the same during weeks 2–4.
The errors in 2-m average temperature also show a similar
pattern of almost no growth during the four weeks (Fig. 14b).
The errors are uniformly small over CONUS except for a small
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FIG. 12. RMS error of UFS forecasts in the weekly average RC1 of (a) precipitation (mm day21) and (b) 2-m
average temperature (K) for weeks 1–4. The week of the forecast is indicated in the upper right corner of the panel.
The RMS error includes all the forecasts during JJAS 2011–17.

region in the Midwest in week 1 and further reduce by week 4.
The near-absence of error growth in all the field indicates
better predictability of the ISO mode possibly because of the
almost regular and oscillatory behavior of the mode. While the
ENSO mode shows better predictability over the western half
of the CONUS, the ISO is better predicted over the entire
region.
The error growth of the trend (RC4) in the 850-hPa horizontal wind is shown in Fig. 15. In week 1, larger errors are
present in the southern part in the zonal wind (Fig. 15a). The
errors grow further in the eastern part during weeks 2–3 and
over almost the entire eastern half during week 4. The meridional wind has uniformly small errors over the CONUS

except over Texas and neighboring states in week 1 (Fig. 15b).
By week 4, the errors are moderately large over the central part
of the CONUS. The errors in precipitation of the trend mode
(Fig. 16a) in week 1 are small in the western states and large
over the eastern half with maximum over several scattered
locations. The errors do not grow much over most of the
CONUS during weeks 2–4. In the 2-m average temperature,
the errors in the trend mode are small during week 1 over the
CONUS except for a part of the Midwest. The errors grow by a
small amount during weeks 2–4. The structure and growth of
errors in the horizontal wind and the precipitation of the trend
mode are somewhat similar to those in the ENSO mode, possibly
because of the influence of the ocean–atmosphere interaction.
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FIG. 13. As in Fig. 11, but for RC23.

b. Spatial correlation
A further assessment of the model forecasts was carried out
through spatial correlation analysis of the 850-hPa horizontal
wind, precipitation, and 2-m average temperature. For each
variable, the weekly average spatial maps of the 56 forecasts
over CONUS during JJAS 2011–17 were strung together as a
series separately for weeks 1–4 of the forecasts. Using a similar
series of the spatial maps of the observation over CONUS for
the corresponding times, the spatial correlation between the
forecasts and observation was computed for weeks 1–4 of the
forecasts. The spatial correlations were computed separately
for each variable (wind, precipitation, and temperature) and
separately for the total anomaly, ENSO mode (RC1), ISO

(RC23), and trend mode (RC4). Further, the correlation was
also computed for combined modes (i.e., the sum of RC1,
RC23, and RC4, referred to as RC1234) and the residue (total
anomaly minus RC1234). It is difficult to demarcate the correlation value at which the forecasts are skillful. The focus of
this study is on determining the relative predictability of the
leading modes and to identify the sources of higher predictability. The observed variance of the leading modes, as shown
in Fig. S8 for RC1234 of the zonal wind, is also seen in the
model although with slightly higher values over the equatorial Pacific.
The spatial correlations for each variable are shown in
Fig. 17 for weeks 1–4 forecasts. The correlation of the total
anomaly of 850-hPa zonal wind (Fig. 17a) is about 0.7 in week 1
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FIG. 14. As in Fig. 12, but for RC23.

but decreases to 0.2 in week 2 and becomes almost zero in week
4. The ENSO mode (RC1) also follows the total anomaly from
week 1 to 4 but increases to 0.2 in week 4. The ISO (RC23)
starts with 0.55 in week 1 and maintains moderate correlation
at 0.4–0.5 during weeks 2–4. The correlation of trend (RC4) is
similar to ISO but with slightly lower values going from 0.3 to
0.5. The combined mode (RC1234) starts with 0.45 in week 1
and has a value around 0.3 for weeks 2–4. The residue has almost negligible value for all the four weeks. In the 850-hPa
meridional wind (Fig. 17b), the total anomaly starts with 0.7
but reaches 0.2 in week 2 and near zero in week 4. The ENSO
mode (RC1) goes from 0.6 in week 1 to about 0.2 in week 4
while the ISO (RC23) stays in the range of 0.3–0.4 during
weeks 1–4. The trend (RC4) starts at about 0.35 in week 1 and
goes below 0.2 in week 4. The combined mode (RC1234) varies

from 0.4 to 0.2 during weeks 1–4 while the correlation of the
residue is negligible.
The correlation of the precipitation (Fig. 17c) shows the
total anomaly and residue both to start at about 0. 4 in week 1
and reduce to 0.1 and below during weeks 2–4. The ENSO
mode (RC1) also follows the total anomaly but within the
range of 0.1–0.2 during weeks 2–4. The ISO (RC23) remains
around 0.35 for all the four weeks while the trend (RC4) goes
from 0.35 to 0.15 from week 1 to 4. The combined mode
(RC1234) starts at 0.4 and decreases steadily to 0.2 during the
four weeks.
The 2-m average temperature has high values in week 1 for
all the components (Fig. 17d). The total anomaly starts close to
0.9 in week 1 but decreases rapidly during weeks 2–4 and even
reaching a small negative value in week 4. The ENSO mode
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FIG. 15. As in Fig. 11, but for RC4.

(RC1) and the residue follow the total anomaly during weeks
1–3 but reach 0.1 in week 4. The ISO (RC23) starts at 0.6 in
week 1 and remains around 0.5 during weeks 2–4. The trend
(RC4) had the highest correlation in the range 0.6–0.7 during
weeks 2–4. The combined mode (RC1234) also has high correlation of 0.6–0.7 during weeks 1 and 2 but reaches moderate
values around 0.4 in weeks 3 and 4.
The correlations of the three leading modes of variability are
consistent with the RMS errors of forecasts discussed in the
previous subsection. The correlation analysis reveals that the
ISO is relatively better predicted in all the fields up to week 4
while the ENSO mode has high correlation only in week 1. The
trend mode comes close to the predictability of the ISO and has
the highest predictability in the 2-m temperature. The combined

mode (RC1234) offers better predictability compared to the total
anomaly during all the four weeks. The negligible correlation of
the residue indicates that the long-range prediction is better in the
leading modes of variability.

6. Summary and conclusions
In this study, the reforecasts of the UFS Coupled Model
Prototype 2 over the CONUS at weekly time scale were
assessed for the boreal summer of the period 2011–17. The
retrospective forecasts of the UFS used in this study were
generated by the NCEP and consist of 56 sets of month-long
predictions during the boreal summer. Since the prediction of
instantaneous states beyond the weather time scale of about
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FIG. 16. As in Fig. 12, but for RC4.

10 days is not reliable, the prediction of weekly average in the
subseasonal time scale of weeks 1–4 was analyzed. This study
has adopted a new approach for climate predictability by decomposing the forecast field into space–time modes using
MSSA and then assessing the model’s performance in predicting some of the leading modes at subseasonal time scale.
The performance of the UFS in capturing the leading modes of
variability was examined, and a quantitative analysis of the
predictability of these modes was carried out.
The application of MSSA on observed daily 850-hPa horizontal wind over a domain consisting of CONUS and neighboring land and oceanic region yielded three leading space–time
eigenmodes. The leading mode is related to ENSO while the
second mode is an ISO with an average period of 50 days. The
third mode consists of a trend with relation to the warming over

the oceans. A projection method using the PCs of the RCs of
the observed horizontal wind provided the RCs of horizontal
wind in the UFS forecasts as well as the RCs of the precipitation and 2-m average temperature in both observation and
forecasts. The UFS forecasts are able to predict the spatial
structures of the ENSO mode and ISO in the 850-hPa horizontal wind, precipitation and 2-m temperature quite well
and in the trend mode reasonably well compared to the observational modes. The model is also able to capture the
propagation of the ISO and the possible relation with the
Indian monsoon.
The RMS errors in the forecasts with respect to observations
over the CONUS were analyzed for the total anomalies and the
three leading modes. In general, the errors are smaller over the
western part and larger over the eastern half of the CONUS in
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FIG. 17. Spatial correlation of weekly-averaged (a) 850-hPa zonal wind u, (b) 850-hPa meridional wind y,
(c) precipitation, and (d) average 2-m temperature over CONUS between UFS forecasts and observation. The
correlations are shown for RC1 (red), RC23 (green), RC4 (blue), RC1234 (purple), residue of RC1234 (orange),
and total anomaly (black). The correlation includes all the forecasts during JJAS 2011–17. The observation is from
ERA-Interim for winds, CPCU for precipitation, and CPC for temperature.

the total anomalies of wind and precipitation and grow
from week to week. The errors in temperature are large
over most of the CONUS except for the southern coastal
region and grow every week. In the ENSO mode, the UFS
shows smaller errors over the western half of the CONUS
in both the wind and precipitation with very little growth
whereas the errors in temperature grow every week and

cover a wider area over CONUS with large values. The
errors in the ISO are smaller over most of the CONUS with
very little weekly growth in wind, precipitation, and temperature. The errors in the trend mode are larger over the
eastern part of the CONUS in all the fields, grow from week
to week in wind and precipitation, and remain the same in
temperature.

Unauthenticated | Downloaded 01/09/23 05:13 AM UTC

1 MAY 2021

The spatial correlation between the UFS forecasts and observation also revealed the same behavior of the error growth
seen in the RMS errors. The correlation of the total anomaly
drops to a very low value in the second week itself. In the
ENSO mode also, the correlation decreases considerably in the
second week but further decrease is slower in weeks 3 and 4.
The correlation in the ISO remains more or less the same with
moderate values during all the four weeks. The trend mode
also has moderate correlation in wind and precipitation and
high values in temperature from week 1 to 4. The residue after
the three leading modes shows negligible correlation in all
the weeks.
The analysis of this study has shown that the sources of enhanced predictability at climate time scales can be identified by
examining the performance of the model in predicting dynamical modes of variability over the region of interest. The
implications of the results of this study are both in the usefulness of the methodology and in the identification of the physical phenomena that provide long-term predictability. The
MSSA of the observed circulation provides the space–time
structures of the leading modes of variability that are important for the region (CONUS) and season (boreal summer).
More importantly, these modes are relevant for examining the
predictability beyond the weather time scale, as demonstrated
in this study for the subseasonal time scale. Other regions, such
as the monsoon systems, have different modes of variability
which can be resolved by the MSSA. The EOF projections of
the observed MSSA modes provide a convenient method to
decompose the forecasts into the corresponding modes and
assess the performance of the model. This method is helpful
since a direct application of MSSA is not feasible for future
forecasts. This study has demonstrated that the EOF projections and the corresponding RCs provide both the assessment
of the predictability and the identification of the associated
physical phenomena or processes. The specific implications of
this method for the present study of predictability over the
CONUS during the summer are as follows:
d

d

d
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The UFS seems to have better prediction skill over CONUS
at weeks 3–4 in ISO and trend compared to the ENSO mode.
The possible reasons for this behavior may lie in the fact that
the ISO has more regular cyclic variability and the trend is
more persistent.
The better predictability over the western part of the
CONUS in the ENSO mode and ISO may be related to the
better performance of the model related to ocean–
atmosphere interaction in the Pacific. Knowing the predictability of the individual modes is also useful for those locations
where the particular mode is of more importance.
The identification of the sources of different levels of predictability will also be helpful in addressing the problems in
modeling.
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