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Abstract
The predictions of extreme events by the Unified Forecast System (UFS) Coupled Model Prototype 5 of the National Cent-
ers for Environmental Prediction over the contiguous United States during boreal summer are assessed. The extreme events 
in precipitation and daily maximum and minimum surface air temperature in weeks 1–4 predictions are analyzed in the 
deterministic retrospective forecasts of UFS during 2011–2017. The spatial structures of the extreme events in precipitation 
are reasonably well predicted but with higher values. Although the predictions of the temperature are closer to observation 
over central and eastern parts of the US, the model fails to generate the extreme events over large western regions. There is 
no appreciable growth of forecast errors of extreme events during weeks 1–4. While the spatial correlation of the number 
of extreme events between the forecasts and observation is very low for precipitation and temperature, the correlation of the 
temperature per event is very high. The model is able to better predict the observed location and magnitude of temperature 
events whenever it can generate such events. The number of precipitation events in the forecasts is higher than in the observa-
tion but with less accuracy in location and magnitude. The influence of slowly varying modes related to El Niño-Southern 
Oscillation (ENSO), intraseasonal oscillation (ISO) and warming trend of the ocean on the extreme events are also studied. 
All three modes have enhancing influence on precipitation while only the ENSO mode enhances the maximum temperature 
events. The minimum temperature events are enhanced by ENSO and ISO but diminished by the warming trend.
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1 Introduction

Changes in the mean climate observed since the mid-20th 
century are likely responsible for the increase in the num-
ber of heavy precipitation events (e.g., 95th percentile) and 
warming of extreme daily and minimum temperatures at 
the continental scale including the North America (Senevi-
ratne et al. 2012). Projected precipitation extremes suggest 
a strong increase in extreme precipitation over the southern 
and central US (Zhang et al. 2008) during winter and in 
the southeastern US during summer (Zhu and Stan 2015). 
Projections of changes in temperature extremes on weather 
time scales (i.e., daily mean, maximum and minimum 

temperatures) are very consistent across climate models 
(Seneviratne et al. 2012). These extreme events and their 
cumulative effects (i.e., heat waves, cold spells, floods, 
droughts) have daunting socio-economic costs (Vitart and 
Robertson 2018). Therefore, prediction of extremes of 
atmospheric weather events, such as precipitation and tem-
perature, by extended range forecasting systems become 
imperative to better prepare for and mitigate extreme 
weather hazards.

The forecast skill of extremes poses scientific challenges 
related to the nature and source of predictability of the 
event. Extremes of atmospheric weather are not caused by 
variations in a single atmospheric variable, but generally 
result from specific conditions or states determined by the 
climate modes of variability (e.g., Stan et al. 2017). These 
modes affect the large-scale environment, which in turn 
influences the extremes. For example, during the boreal 
winter, the frequency of extreme cold temperatures over the 
Pacific Northwest and southwestern US increases when the 
Madden-Julian Oscillation (MJO) convective anomalies are 
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located in the Indian Ocean (Vecchi and Bond 2004). The 
frequency of nor’easters in the northeastern US tends to be 
higher during MJO episodes with strong convective activity 
during phase 7 and 8 (Klotzbach et al. 2016). The frequency 
of extreme rainfall events over the Pacific Northwest and 
the southeastern US increases when the MJO convective 
anomalies are active (Jones 2000) and these extreme events 
become more predictable (Jones et al. 2011; Huang et al. 
2021). During the boreal summer, the US precipitation vari-
ability on subseasonal-to-seasonal (S2S) time scale can also 
be affected by MJO (Zhou et al. 2012) and other modes of 
climate variability operating on intraseasonal to interannual 
time scales as well as long-term trends (Krishnamurthy et al. 
2021). During the boreal summer, weather extremes in the 
US are mostly attributed to local land-atmosphere feedbacks 
(Koster et al. 2004; Clark et al. 2006) whereas the relation-
ship between extremes and regional climate modes of vari-
ability is less understood.

Studies evaluating the forecast skill of extreme events on 
extended range time scales are scarce. Over North America, 
the current generation of S2S models (Vitart et al. 2016) 
show promising skill for some case studies of extreme tem-
perature events (Vitart and Robertson 2018) and less skill 
for flooding events (Lin et al. 2019; Stan and Lin 2019). 
Lin et al. (2019) found that most models predict the above-
normal precipitation a few weeks in advance, but the mag-
nitude of the anomaly is underestimated. A study of the 
Coupled Model Intercomparison Project Phase 6 (CMIP6) 
coupled models showed that the estimation of the intensity 
of extreme precipitation over the US varies across of all the 
models (Srivastava et al. 2020).

The objective of this study is to understand the extreme 
events in precipitation and 2 m temperature over the con-
tiguous United States (CONUS) during the boreal summer 
and to assess the predictability of such events by a coupled 
model at subseasonal time scale. For this purpose, the ret-
rospective forecasts of the coupled model from the National 
Centers for Environmental Predictions (NCEP) of the 
National Oceanic and Atmospheric Administration (NOAA) 
are used for the boreal summer of 2011–2017. The model’s 
ability to predict the extreme events in precipitation, daily 
maximum 2 m temperature and daily minimum 2 m tem-
perature over the CONUS in weeks 1–4 will be studied. A 
quantitative assessment of the predictability will be carried 
out by examining the error growth and spatial correlation 
between the forecasts and observations. Further, the influ-
ence of the leading modes of slow large-scale variability on 
the extreme events will also be investigated.

A description of the coupled model and its retrospective 
forecasts, observed data and the reanalysis data used in this 
study is given in Sect. 2. In Sect. 3, the extreme events in 
precipitation and 2 m temperature in the observations and 
their prediction by the model are described. An assessment 

of the predictability of the extreme events by the model is 
provided in Sect. 4. The association of the leading modes of 
variability with the extreme events is discussed in Sect. 5. 
The summary and conclusion are given in Sect. 6.

2  Model and data

2.1  Model

The Unified Forecast System (UFS) Coupled Model Pro-
totype 5, developed by the NCEP, is the model used in this 
study (Krishnamurthy et al. 2021). This coupled model 
version of the UFS consists of an atmospheric component 
(FV3GFS) with C384 (~ 28 km) resolution, an oceanic com-
ponent (GDDL MOM6 model, Adcroft et al. 2019) and a 
sea-ice component (Los Alamos CICE6 model) with tripo-
lar 0.25° global grid. For the period April 2011–December 
2017, 35-day long retrospective forecasts were generated 
by the NCEP starting from first and fifteenth of each month. 
The Climate Forecast System Reanalysis data were used to 
initialize the atmospheric model while the Climate Predic-
tion Center (CPC) Hybrid Global Ocean Data Assimilation 
System provided the initial conditions for the ocean model. 
The sea-ice model was initialized by the CPC ice analysis. 
Because this study is concerned with the boreal summer, 
daily values of various variables of the reforecasts are ana-
lyzed only during June–September (JJAS) of 2011–2017. 
This analysis period consists of 56 deterministic reforecasts 
corresponding to the 28 months, each with two initial con-
ditions. The model used in this study is a modified version 
of the model used in a recent study (Krishnamurthy et al. 
2021) that investigated the sources of predictability at intra-
seasonal time scale over CONUS. The modifications involve 
the sea-ice model and its initial condition, atmospheric phys-
ics driver, and ocean-atmosphere coupling. The previous 
study (Krishnamurthy et al. 2021) has discussed the modes 
of variability in circulation, precipitation and average 2 m 
temperature over CONUS in the model’s retrospective fore-
casts and compared them with the observation. Further, the 
study assessed the predictability of the modes in the UFS at 
weeks 1–4 range. The rest of the present paper will refer to 
the retrospective forecasts simply as forecasts for conveni-
ence and brevity.

2.2  Data

The daily maximum and minimum temperature at 2 m on 
a 0.5° × 0.5° grid over CONUS were obtained from the 
CPC analysis for the period 2011–2017. For brevity, these 
temperatures will be referred to as simply maximum tem-
perature and minimum temperature, hereafter. The CPC uni-
fied (CPCU) gauge-based analysis of global precipitation 
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(Xie et al. 2010) provided the daily precipitation on a 0.5° 
× 0.5° grid for the period 2011–2017. From the European 
Centre for Medium-Range Weather Forecasts Reanalysis—
Interim (ERAI, Dee et al. 2011) data set, the zonal velocity 
(u) and meridional velocity (v) at 850 hPa on T255 horizon-
tal grid (~ 0.703° resolution) were obtained for the period 
1979–2017.

3  Extreme events in precipitation and 2 m 
temperature

The definition of extreme events is quite varied and chosen 
on the basis of the suitability to the temporal and spatial 
structures of the domain, as described in the reviews of 
extreme precipitation and temperature over North America 
(Grotjahn et al. 2016; Barlow et al. 2019). These reviews 
have indicated that the most commonly used measure is 
based on exceeding a threshold of fixed value or frequency 
of occurrence such as a quantile. The selection of extreme 
events in this study is based on the percentile of the vari-
able at each grid point at any given time during the period 

of JJAS 2011–2017. The threshold for extreme events in 
precipitation is the 95th percentile of the daily values of wet 
days (i.e., when the daily mean value is greater than zero) 
during JJAS 2011–2017, in a manner similar to several ear-
lier studies on CONUS (e.g., Singh et al. 2013). An event 
above the threshold value on a particular day is counted 
as one extreme event. For the maximum temperature, the 
extreme events are above the threshold of 95th percentile 
of all the days during JJAS 2011–2017. The extreme events 
of the minimum temperature are those below the threshold 
of 5th percentile of all the days of JJAS 2011–2017. A sys-
tematic examination of the events occurring at various per-
centile ranges was carried out before selecting the threshold 
values of extreme events used in this study. The analysis will 
also consist of brief comparisons, where appropriate, with 
extreme events based on 99th percentile for precipitation 
and maximum temperature and 1st percentile for minimum 
temperature. The 99th, 95th, 5th and 1st percentiles will be 
abbreviated as 99P, 95P, 5P and 1P, respectively, hereafter.

The 95P threshold values for precipitation and maxi-
mum temperature and 5P values for minimum temperature 
are shown in Fig. 1 for observations and model forecasts. 

Fig. 1  95th percentile of 
precipitation (mm  day−1) in 
a CPCU observation and b UFS 
forecasts, 95th percentile of 
daily maximum 2 m tempera-
ture (°C) in c CPC observation 
and d UFS forecasts and 5th 
percentile of daily minimum 
2 m temperature (°C) in e CPC 
observation and f UFS forecasts 
for the period JJAS 2011–2017 
over CONUS. The percen-
tile values are based on the 
values of all the days of JJAS 
2011–2017. In the model, all 
the forecasts initiated from 1st 
and 15th of each month during 
JJAS 2011–2017 are used
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The 95P value of observed CPCU precipitation (Fig. 1a) is 
lower in the West in the range of 5–20 mm  day−1 while the 
eastern half of the US is in the higher range of 20–40 mm 
 day−1. The Midwest, some of the southern states and a part 
of the east coast are in the highest range, reflecting perhaps 
higher convective or storm activities in those regions. In the 
model forecasts (Fig. 1b), the 95P of precipitation is gener-
ally higher than the observed values (Fig. 1a) over the entire 
CONUS. The forecasts also show a lower range (15–25 mm 
 day−1) in the western states while the Midwest and most of 
the eastern part are in the range of 30–40 mm  day−1.

The 95P of maximum temperature in the CPC obser-
vation (Fig. 1c) shows the highest values (36–40 °C) in 
several southern and southwest states while lowest values 
(28–34 °C) are seen in the northeastern region, Midwest 
and some western states. The corresponding threshold in 
the model forecasts (Fig. 1d) is generally lower by about 
2–4 °C over the CONUS. The maximum temperature is in 
the range of 28–34 °C except for a part of the central US 
and the Southwest where it is about 34–40 °C. The 5P of 
minimum temperature in the observation (Fig. 1e) shows 
lower values over most of the northern part in the range of 

− 3–9 °C while the southern part is about 9–18 °C. However, 
the model forecasts have 5P values higher than the observa-
tion over the entire CONUS, differing generally by about 
3–6 °C over most regions.

The 99P values of precipitation and temperature in obser-
vations and model forecasts are shown in Fig. S1 in the sup-
plementary material. The spatial structures of 99P values 
(Fig. S1) are similar to those of 95P values (Fig. 1) but with 
higher threshold values. The 99P of precipitation in the 
observation (Fig. S1a) is similar to the 95P but with higher 
values. The 99P values of precipitation are generally about 
1.7–2.0 times the 95P values in both observation and model 
forecasts. The 99P in the model forecasts (Fig. S1b) has a 
better correspondence with the observation compared to the 
case of 95P. The maximum temperature at 99P is about 2 °C 
higher than the 95P values. The highest values at 99P are 
seen over a wider region covering Texas and neighboring 
states in observation while they are shifted to the north in 
model forecasts (Fig. S1c, d). The 1P values of minimum 
temperature are generally about 2–3 °C lower than the 5P 
values. The 1P values of model forecasts are higher than the 
observation over most of the CONUS. These comparisons 

Fig. 2  Composites of precipita-
tion (mm  day−1) in a CPCU 
observation and b UFS forecasts 
exceeding the 95P of observa-
tion, composites of daily maxi-
mum 2 m temperature (°C) in 
c CPC observation and d UFS 
forecasts above the 95P of 
observation and composites of 
daily minimum 2 m temperature 
(°C) in e CPC observation and 
f UFS forecasts below the 5P of 
observation for the period JJAS 
2011–2017 over CONUS. All 
the forecasts initiated from 1st 
and 15th of each month during 
JJAS 2011–2017 are used in the 
composites. The composites are 
averages over the entire period. 
The unshaded white regions 
over CONUS indicate that the 
extreme events did not occur at 
those grid points
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between the climatology of extreme events in observations 
and forecasts show that the model has systematic biases in 
reproducing the pattern and magnitude of precipitation and 
temperature extremes. Eliminating these biases is beyond 
the scope of this study, and the definition of extreme events 
in the model will be based on the same threshold as in 
observation.

To examine the model’s ability to predict the end tail 
of observed precipitation and temperature distributions, the 
composites of precipitation and temperature that rank above 
the extreme percentile threshold values were analyzed. The 
95P (99P) composites of precipitation and maximum tem-
perature were constructed by first adding the values of events 
in the observations and model forecasts, separately, above 
the 95P (99P) threshold values in observation for the period 
JJAS 2011–2017 and then dividing by the respective number 
of events. Similarly, the 5P (1P) composites of minimum 
temperature were constructed when the temperature is below 
the 5P (1P) threshold value in observation. Since model’s 
forecasts are meant to predict what will be observed, it is 

only appropriate to select the extreme events in the forecasts 
that cross the threshold in observations.

The 95P composite of precipitation in observation 
(Fig. 2a) shows most of the western part below 24 mm  day−1 
while a large part of the Midwest and the eastern US is above 
40 mm  day−1. Although the model forecasts are similar to 
the observed pattern, the extreme precipitation is higher with 
a large part over the Midwest and East exceeding 42 mm 
 day−1. The 99P composites of precipitation in observation 
(Fig. S2a) and forecasts (Fig. S2b) have spatial structure 
similar to the 95P composites (Fig. 2) but with values that 
are about 1.5 times higher over the entire CONUS. The 99P 
composites of forecasts (Fig. S2b) are also higher than the 
observations (Fig. S2a) with values exceeding 63 mm  day−1 
over the Midwest and East but fail to generate the observed 
extreme events over some parts of Texas and California.

For the maximum temperature, the 95P composite of 
observations (Fig. 2c) consists of higher values (36–40 °C) 
over southern and Southwest states while lower values 
(28–34 °C) are seen in northern and western states. The 

Fig. 3  Weekly composites of 
precipitation per event (mm 
 day−1) above 95P of CPCU 
in a CPCU observations and 
b UFS forecasts. The first 4 
weeks of the forecasts initiated 
from 1st and 15th of each 
month during JJAS 2011–2017 
are used in the composites. 
The unshaded white regions 
over CONUS indicate that the 
extreme events did not occur at 
those grid points
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forecasts (Fig. 2d) are close to the observed values in most 
of region to the east of 105°W while failing to generate the 
extreme events over most of the region to the west. However, 
the model captures the observed values in certain small parts 
of Southwest and northern states. The 99P composite of 
maximum temperature in the observations (Fig. S2c) shows 
the highest values (above 40 °C) over Texas and neighboring 
states and a part of the Southwest while the lowest values 
(below 34 °C) are seen in some northern and western states. 
The 99P composite reveals that the forecasts (Fig. S2d) gen-
erate the observed pattern and values (Fig. S2c) over only a 
limited region confined to the Midwest and Southwest while 
missing in the rest of the CONUS.

In the 5P composite of minimum temperature in the 
observations (Fig. 2e), higher values above 12 °C cover 
most of the southern states and the Southwest while the 
coldest states are in the West and the northern part. The 
corresponding composite in the forecasts (Fig. 2f) shows 
temperatures higher by roughly 3 °C compared to the obser-
vations (Fig. 2e) over most of the CONUS. The highest val-
ues (above 15 °C) cover a larger area over most of the South 
and a part of the Midwest. The forecasts, however, fail to 
generate the observed extreme events over states in the West 
and South. In the 1P composite of minimum temperature 
in the observations (Fig. S2e), most of the northern part is 

below 3 °C and reaches below − 3 °C over Wyoming and 
Montana. The 1P composite of the forecasts (Fig. S2f) shows 
that the model is not able to generate the extreme events over 
a large region to the west of 100°W. However, over the rest 
of CONUS, the extreme events of the forecasts are close to 
the observations in both pattern and magnitude.

4  Prediction of extreme events

Since the objective of this study is to assess the predict-
ability of the extreme events by the model in the subsea-
sonal time scale, the weekly predictions of precipitation 
and 2 m temperature are examined. For this purpose, the 
weekly composites of extreme events for each of the first 
4 weeks of the forecasts initiated from first and fifteenth of 
each month during JJAS 2011–2017 are constructed. The 
weekly composites are expressed as precipitation or tem-
perature per event after dividing the sum of the extreme 
values by the number of events during the period. The cor-
responding weekly composites are also constructed for the 
observations. The number of extreme events in these com-
posites at any grid point may differ between observation 
and forecasts. The weekly composites of both the forecasts 

Fig. 4  Weekly composites of 
precipitation per event (mm 
 day−1) above 95P of CPCU in 
a CPCU observations for week 
3, and corresponding UFS fore-
casts with b lead of 1 week and 
c lead of 3 weeks. Weekly com-
posites of d CPCU observations 
for week 4, and corresponding 
UFS forecasts with e lead of 2 
week and f lead of 4 weeks. The 
first 4 weeks of the forecasts ini-
tiated from 1st and 15th of each 
month during JJAS 2011–2017 
are used in the composites. 
The unshaded white regions 
over CONUS indicate that the 
extreme events did not occur at 
those grid points
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and observations are based on the corresponding percentile 
thresholds of the observation.

4.1  Weekly predictions

The weekly precipitation exceeding the 95P threshold for the 
first 4 weeks of the forecasts are shown in Fig. 3. The weekly 
events in the observation (Fig. 3a) have lower values (less 
than 24 mm  day−1) over the western states and higher values 
over the Midwest and southern states (reaching up to 42 mm 
 day−1). The weekly events have close resemblance to the sea-
sonal composites (Fig. 2a) but do not show extreme events 
over parts of the West and Texas during certain weeks. The 
weekly composites in the model forecasts (Fig. 3b) show 
the extreme events as the lead of the predictions increases. 
For each of the 4 weeks, the model’s performance is some-
what similar and shows higher values in the eastern part 
and lower values in the western part of CONUS compared 
to the observations. The difference between the forecasts 
and observations remains relatively the same from week to 

week. To obtain a more precise picture of the prediction of 
the same events as a function of the lead time, week 3 events 
in observation (Fig. 4a) are compared with the forecasts at 
lead 1 and 3 weeks (Fig. 4b, c), using the forecasts initiated 
from 15th and 1st days of month, respectively. Similarly, the 
week 4 events in observations (Fig. 4d) are compared with 
forecasts with lead 2 and 4 weeks (Fig. 4e, f). These com-
parisons are limited because of the design of the forecasts. 
Although the forecasts have the same spatial structure but 
with higher values in the eastern part and lower values in 
the western part of CONUS compared to the observations, 
there is no large difference in the magnitude of the forecasts 
at different leads.

The weekly events in maximum temperature above the 
95P threshold are shown in Fig. 5 for observation and model 
forecasts. In the observation (Fig. 5a), the weekly compos-
ites are similar to the seasonal composites (Fig. 2c) but with 
slightly different structure in each week. The maximum tem-
perature is above 40 °C over Texas and neighboring states 
and Southwest while some northern and western states are 

Fig. 5  Weekly composites of 
maximum temperature per 
event (°C) above 95P of CPC in 
a CPC observations and b UFS 
forecasts. The first 4 weeks of 
the forecasts initiated from 1st 
and 15th of each month during 
JJAS 2011–2017 are used in 
the composites. The unshaded 
white regions over CONUS 
indicate that the extreme events 
did not occur at those grid 
points
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below 34 °C. While the forecasts fail to predict the extreme 
events over much of the western and southern regions, the 
magnitudes of the events where they occur are closer to the 
observed values. Following the procedure used for precipi-
tation, the forecasts of the maximum temperature at leads 
1 and 3 weeks are compared with the week 3 observation 
(Fig. 6a) as well as forecasts at leads 2 and 4 weeks with the 
week 4 observation (Fig. 6b). The forecasts at different leads 
do not reveal appreciable differences among them.

For the minimum temperature, the weekly composites in 
the observations below the 5P threshold (Fig. 7a) are similar 
to the seasonal composite (Fig. 2e) and cover a large region 
in the north with temperature below 6 °C while the southern 
region is above 12 °C. The model is unable to predict the 
extreme events over some regions in weeks 1–3 but improves 
in week 4 with predictions closer to the observations over 
much of the CONUS except for a few states in the West. 
Similar to the earlier procedure, the week 3 observations 
below 5P threshold (Fig. 8a) are compared with forecasts 
at leads 1 and 3 weeks (Fig. 8b, c) showing the model’s 
inability to predict the extreme events over some of western 
states at 2 weeks lead. However, for the week 4 observation 
(Fig. 4d), the model improves its coverage from lead 2–4 
weeks (Fig. 8e, f). It is difficult to discern any appreciable 
difference in the magnitude at different leads.

4.2  Forecast error

A quantitative assessment of the forecast skill is now pro-
vided by examining the forecast errors and spatial correla-
tions. The root-mean-square (RMS) error in the 95P extreme 
events in precipitation for the first 4 weeks of the forecasts 
are presented in Fig. 9. The RMS error was computed as 
the difference between the weekly precipitation of forecast 
and observation above the 95P threshold of observation. 
The errors were averaged for each week using all the fore-
casts (i.e., those initiated from the 1st and 15th day of each 
month) over JJAS 2011–2017 at each grid point. In week 1 
(day 1 through 7), the errors are relatively large (24–48 mm 
 day−1) over the eastern part of the CONUS and small (less 
than 24 mm  day−1) over the western part (Fig. 9), consistent 
with the regional differences in the actual magnitudes of the 
events (Fig. 3). Although the observed extreme events occur 
at different locations from week to week, the forecast errors 
have decreased over the eastern CONUS from week 2 to 4. 
The errors in the precipitation above the 99P threshold also 
show a similar structure with larger values in the eastern 
part in week 1 and reduction during weeks 2–4 (Fig. S3). 
The decrease of error at longer leads can be either due to 
the small sample size and lack of ensembles or the impact 

Fig. 6  Weekly composites of 
maximum 2 m temperature per 
event (°C) above 95P of CPC 
in a CPC observations for week 
3, and corresponding UFS 
forecasts with b lead of 1 week 
and c lead of 3 weeks. Weekly 
composites of d CPC observa-
tions for week 4, and corre-
sponding UFS forecasts with 
e lead of 2 week and f lead of 4 
weeks. The first 4 weeks of the 
forecasts initiated from 1st and 
15th of each month during JJAS 
2011–2017 are used in the com-
posites. The unshaded white 
regions over CONUS indicate 
that the extreme events did not 
occur at those grid points
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of slowly varying sources of predictability. The latter will 
be explored in Sect. 5.

The weekly RMS errors in the forecast of the maximum 
temperature above the 95P threshold are shown in Fig. 10a 
for weeks 1–4. The model fails to predict the extreme events 
in maximum temperature over a large region in the west-
ern part of CONUS. The errors are generally small (below 
1.6 °C) during weeks 1–2 but increase during weeks 3–4 
with large values (up to 3.2 °C) over the Midwest. The 
forecast errors in the maximum temperature above the 
99P threshold (Fig. S4) show that the model’s predictions 
are confined mainly to the Midwest. The errors are small 
(mostly about 0.8 °C) during weeks 1–2 and increase (higher 
than 3.2 °C) during weeks 3–4. The forecast errors of the 
minimum temperature below the threshold of 5P, shown in 
Fig. 10b, indicate that the model is able to predict these 
events over most of the CONUS. The errors are small over 
most of the CONUS during week 1 but grow during weeks 
2–4. The errors reach up to 3.2 °C over the Midwest and 
Southeast during week 2 and go above 3.2 °C over very 

large areas during weeks 3–4. The errors in the forecasts of 
minimum temperature below the 1P threshold (Fig. S4) are 
small in weeks 1 and 2 but confined to small regions in the 
eastern and western states. The forecast errors expand during 
weeks 3 and 4 with large values (up to 3.2 °C) in southern 
and western states.

4.3  Spatial correlation

A further assessment of the prediction of extreme events 
is conducted by examining the spatial correlation between 
observation and model forecasts. Spatial correlation is 
commonly used to assess the model’s ability to predict 
the observed pattern occurring at a particular time. Spatial 
patterns are indicative of the inherent dynamics. Since the 
extreme events may not really evolve with time but may 
reveal certain spatial pattern related to the inherent dynam-
ics, spatial correlation is a useful measure to assess the mod-
el’s predictability. The weekly spatial maps of 56 forecasts 
over CONUS during JJAS 2011–2017 were concatenated 

Fig. 7  Weekly composites of 
minimum temperature per event 
(°C) below 5P of CPC in a CPC 
observations and b UFS fore-
casts. The first 4 weeks of the 
forecasts initiated from 1st and 
15th of each month during JJAS 
2011–2017 are used in the com-
posites. The unshaded white 
regions over CONUS indicate 
that the extreme events did not 
occur at those grid points



 V. Krishnamurthy, C. Stan 

1 3

separately for weeks 1–4 of the forecasts. After construct-
ing similar series of maps of the observations for the corre-
sponding times, the spatial correlation between forecasts and 
observations were computed for weeks 1–4 of the forecast. 
The spatial correlations were computed separately for the 
number of extreme events and the magnitude of the events 
for each variable and for different percentile thresholds. The 
computation of the correlations involves only those events 
that the model generates in the particular threshold level.

The spatial correlations of precipitation above the 95P 
threshold are shown in Fig. 11a for the number of events 
and the magnitude of the event. The precipitation per event 
is calculated by dividing the sum of the extreme values by 
the number of events, separately for forecasts and observa-
tion. The number of events in each case may differ between 
forecasts and observation at any grid point. The spatial cor-
relation takes into account only those grid points where the 
extreme events occur in both the forecasts and observations 
The correlation of the number of events starts with 0.25 in 
week 1 and reduces to below 0.1 in the subsequent weeks. 
The precipitation per event has higher correlation, although 
moderate, starting near 0.5 in week 1 and remaining at about 
0.4 in weeks 2–4. The correlations of the precipitation above 
the 99P threshold (Fig. S5a) show that model has almost 
no correlation in the number of events but has moderate 

correlation (0.5–0.6) in the magnitude whenever it can 
generate such extreme events. The correlation of the maxi-
mum temperature above the 95P threshold (Fig. 11b) shows 
contrasting behavior between the number of events and the 
magnitude of the events. The correlation of the number of 
events is low (0.2–0.4) while the temperature per event has 
a correlation of about 0.9 during weeks 1–4. This behavior 
reflects the fact that the model is able to better predict the 
values of the extreme events in maximum temperature when-
ever it can generate such events, consistent with the earlier 
discussions of the weekly composites (Fig. 5) and forecast 
errors (Fig. 10). The correlations of the maximum tempera-
ture above the 99P threshold (Fig. S5b) are similar to those 
of the 95P events but with slightly lower value for the num-
ber of events. The correlations of the minimum temperature 
below the 5P threshold (Fig. 11c) reveal slightly better pre-
diction by the model with correlation of the number events 
in the moderate range of 0.4–0.5 while the correlation of the 
temperature per event is higher than 0.9 for all the 4 weeks. 
This behavior implies that the model is able to generate the 
number of extreme events in the minimum temperature bet-
ter than those in the maximum temperature at the 95P level. 
The correlations of the minimum temperature below the 1P 
threshold (Fig. S5c) also have very high value (above 0.9) 

Fig. 8  Weekly composites of 
minimum 2 m temperature per 
event (°C) below 5P of CPC in 
a CPC observations for week 
3, and corresponding UFS 
forecasts with b lead of 1 week 
and c lead of 3 weeks. Weekly 
composites of d CPC observa-
tions for week 4, and corre-
sponding UFS forecasts with 
e lead of 2 week and f lead of 4 
weeks. The first 4 weeks of the 
forecasts initiated from 1st and 
15th of each month during JJAS 
2011–2017 are used in the com-
posites. The unshaded white 
regions over CONUS indicate 
that the extreme events did not 
occur at those grid points
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in the temperature per event but the number of events has a 
lower value (0.2–0.3).

Although the spatial correlation of the number of events 
is low, the model may still be generating the extreme events 
in locations other than in the observations. To examine 
this possibility, the total number of grid points where the 
extreme events occur was calculated for all the days of weeks 
1–4 predictions. The ratio of the number of grid points in 
the forecasts to that in the observations is shown in Fig. S6. 
The number of events in the model precipitation is about 
1.5–2 times higher than in the observation for 95P and about 
2–3 times for 99P (Fig. S6a). However, the ratio is in the 
range of 0.2–0.8 for the maximum temperature (Fig. S6b) 
and around 0.2 for the minimum temperature (Fig. S6c). 

These results suggest that the model is able to generate more 
extreme events in precipitation but with less accuracy in the 
location while the events in the temperature are quite less 
but with higher accuracy in the location, when compared to 
observations.

5  Relation with leading modes of variability

In a recent study (Krishnamurthy et al. 2021), the predict-
ability of a previous version of the UFS was investigated at 
subseasonal time scale in terms of three leading modes of 
variability. For this purpose, the leading modes of variability 
during the boreal summer (JJAS) were obtained by applying 
multi-channel singular spectrum analysis (Ghil et al. 2002) 
on the daily anomalies of 850 hPa horizontal wind (zonal 
and meridional) over a domain consisting of CONUS and 
adjoining ocean and land regions. This analysis yielded 
three leading space-time modes, according to the variance 
explained. These three modes were identified to be related to 
El Niño-Southern Oscillation (ENSO), intraseasonal oscil-
lation (ISO) with a period of 50 days and warming trend of 
the oceans. The principal components (PCs) of the recon-
structed components (RCs) of these three leading modes of 
the 850 hPa horizontal wind were projected on other fields 
in both observations and model forecasts. The details of the 
procedure and the analysis of the modes are provided by 
Krishnamurthy et al. (2021).

The MSSA of the horizontal wind by Krishnamurthy 
et al. (2021) was performed for the period 1979–2017, and 
the three leading modes were determined to be statistically 
significant at 5%. Therefore, the segment of these modes, 
including the warming trend. for the period 2011–2017 
are parts of the statistically significant modes of the longer 
period. The RCs of the 850 hPa horizontal wind correspond-
ing to the ENSO, ISO and warming trend modes obtained 
by Krishnamurthy et al. (2021) are projected on the daily 
anomalies of the observed and model forecast fields used in 
the present study. The anomalies are computed with respect 
to the corresponding climatologies in observation and fore-
casts. These projections yield the daily RCs corresponding 
to ENSO, ISO and warming trend in the daily anomalies of 
precipitation, daily maximum and minimum 2 m tempera-
tures for the period JJAS 2011–2017 in observations and 
model forecasts. The composites of the RCs of the precipita-
tion in the three leading modes of observations and model 
forecasts were constructed on the basis of the observed daily 
total precipitation exceeding the 95P threshold (shown in 
Fig. 1a) for the period JJAS 2011–2017. These composites 
are constructed exactly the same way as the seasonal com-
posites presented in Fig. 2a and b. Since the RCs of the 
modes correspond to anomalies, the composites will indicate 
whether the modes have enhancing or diminishing influence 

Fig. 9  RMS errors of UFS forecasts in precipitation (mm  day−1) 
above 95P of observation for the first 4 weeks of the forecasts. The 
RMS errors were computed using all the forecasts initiated from 1st 
and 15th of each month during JJAS 2011–2017. The unshaded white 
regions over CONUS indicate that the extreme events did not occur at 
those grid points
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in the generation of the extreme events. Similar mode com-
posites were constructed for the extreme events in maximum 
temperature above 95P threshold and in the minimum tem-
perature below 5P threshold.

The composites of precipitation and temperature in the 
ENSO mode are shown in Fig. 12. In the observed precipita-
tion (Fig. 12a), positive anomalies are present over almost 
the entire CONUS with higher values in the southern, north-
eastern and west coast states. The model forecasts (Fig. 12b) 
also have positive anomalies over the CONUS but the high-
est values are over a limited region compared to the obser-
vation. The ENSO composite of the maximum temperature 
in the observation (Fig. 12c) also has positive anomalies 
over the entire CONUS but shows the highest values over 
Texas and neighboring states similar to the composite in 
Fig. 2c. The model composite of the maximum temperature 
(Fig. 12d) also has positive anomalies over the eastern part 
with the maximum region shifted to the north while missing 
large regions in the West. The ENSO composite of the mini-
mum temperature (Fig. 12e) consists of negative anomalies 

over the CONUS except for parts of the Northeast and 
Florida. Some regions in the Midwest and West show the 
strongest anomalies. The composite of the model forecasts 
(Fig. 12f) has strong negative anomalies in the southeastern 
and western states while positive anomalies are also seen in 
the central part of CONUS.

The composites of the ISO mode in precipitation and tem-
perature are shown in Fig. 13. The composite of observed 
precipitation (Fig. 13a) has positive anomalies over most of 
the CONUS and weak negative anomalies over the southern 
coastal states. The strongest positive anomalies in the central 
part of Midwest and East coincide with the high positive 
values seen in the composite of Fig. 2a. The model forecast 
also has positive anomalies over the CONUS (Fig. 13b) but 
the strongest anomalies are spread out in the eastern part. 
The ISO composite of maximum temperature (Fig. 13c) 
has weak positive and negative anomalies over most of the 
CONUS while the composite of forecasts (Fig. 13d) also 
shows weak anomalies but with a different spatial struc-
ture. In the ISO composite of the minimum temperature of 

Fig. 10  a RMS errors of UFS 
forecasts in maximum 2 m 
temperature (°C) above 95P of 
observation and b RMS errors 
in minimum 2 m temperature 
(°C) below 5P of observation 
for the first 4 weeks of the 
forecasts. The RMS errors were 
computed using all the forecasts 
initiated from 1st and 15th of 
each month during JJAS 2011–
2017. The unshaded white 
regions over CONUS indicate 
that the extreme events did not 
occur at those grid points
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observations (Fig. 13e), weak to moderate negative anoma-
lies are present over much of the CONUS and weak positive 
anomalies over the Southeast and Southwest. The ISO com-
posite of the model forecasts (Fig. 13f) closely resembles the 
observed composite.

The composites of the warming trend mode are shown in 
Fig. 14 for precipitation and temperature. The trend compos-
ite of the precipitation consists of strong positive anomalies 
over a large area to the east of 105° W and weaker negative 
anomalies in the West in both the observation (Fig. 14a) and 
the forecasts (Fig. 14b). The observations also show negative 
anomalies in the southeastern region. The strong positive 
anomalies in the trend mode have good correspondence with 
the composites of precipitation in Fig. 2a and b. The trend 
composite of the maximum temperature in the observation 

(Fig. 14c) shows weak negative anomalies over most of the 
CONUS with positive anomalies over small regions in the 
Southeast and Northwest. The composite of the forecasts 
(Fig. 14d) is close to the observed composite although with 
missing events over the West. For the minimum temperature, 
the trend composite in the observations (Fig. 14e) has posi-
tive anomalies over most of the CONUS with stronger values 
in the northern region while the composite of the forecasts 
(Fig. 14f) shows a large region in the northern states with 
moderate negative anomalies.

The composites of the three leading modes of variability 
reveal clear signatures of their influence on the generation 
and prediction of the extreme events. For the precipita-
tion, all the three modes have enhancing influence over a 
large part of the CONUS. However, the ISO and the trend 

Fig. 11  Spatial correlation 
between forecasts and observa-
tions of a number of events 
(blue) and precipitation per 
event (red) in precipitation 
above 95P, b number of events 
(blue) and maximum 2 m 
temperature per event (red) 
above 95P and c number of 
events (blue) and minimum 
2 m temperature per event (red) 
below 5P. The correlations 
were computed using all the 
forecasts initiated from 1st and 
15th of each month during JJAS 
2011–2017
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modes are stronger over the central part of the CONUS. The 
extreme events in the maximum temperature seem to be 
positively influenced mostly by the ENSO mode, especially 
over Texas and neighboring states. While the ISO mode has 
weak mixed influence, the trend mode has moderate negative 
influence on the maximum temperature. The extreme events 
in the minimum temperature are enhanced by the negative 
anomalies associated with the ENSO and ISO modes while 
diminished by the positive anomalies of the trend mode. 
The model is able to capture the observed influence of the 
leading modes to a large extent.

6  Summary and conclusions

This study has examined the predictability of extreme events 
in the retrospective forecasts of the UFS Coupled Model 
Prototype 5 during the boreal summer of 2011–2017. The 
retrospective forecasts of the UFS, generated by the NCEP, 
are one-month long deterministic predictions from 56 initial 
conditions (two per month) during the seven boreal summer 
seasons (JJAS). The extreme events in precipitation, daily 

maximum 2 m temperature and daily minimum 2 m tem-
perature over the CONUS were examined in both observa-
tions and model forecasts. With an emphasis on subseasonal 
time scale, the performance of the model in predicting the 
observed weekly composites of extreme events was assessed 
for weeks 1–4 of the forecast. The influence of the leading 
modes of variability, identified as related to ENSO, ISO and 
warming trend, on the generation and predictability of the 
extreme events was also studied.

The most commonly used criterion based on quantiles 
was adopted to identify the extreme events in this study. All 
the analyses were carried out for extreme events in precipita-
tion and daily maximum temperature exceeding the 95th per-
centile and for events in daily minimum temperature below 
the 5th percentile. Additionally, some of the analyses were 
extended to events beyond 99th percentile and 1st percentile 
accordingly. The observed extreme events show a wide range 
of values in precipitation and temperature over the CONUS 
during the boreal summer. The precipitation events have 
lower magnitude over the western part (< 24 mm  day−1) 
while the central region shows the highest values (> 36 mm 
 day−1). The model forecasts capture the spatial pattern of 

Fig. 12  Composites of ENSO 
mode of precipitation (mm 
 day−1) in a CPCU observation 
and b UFS forecasts based on 
95P of CPCU precipitation. 
Composites of ENSO modes 
of maximum 2 m temperature 
(°C) in c CPC observation and 
d UFS forecasts based on 95P 
of CPC maximum temperature. 
Composites of ENSO modes 
of minimum 2 m temperature 
(°C) in e CPC observation and 
f UFS forecasts based on 5P of 
CPC minimum temperature. 
The composites were com-
puted using all the forecasts 
initiated from 1st and 15th 
of each month during JJAS 
2011–2017. The composites are 
averages over the entire period. 
The unshaded white regions 
over CONUS indicate that the 
extreme events did not occur at 
those grid points
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precipitation reasonably well although with slightly higher 
values. The observed maximum temperature is in range of 
28–40 °C with highest values (> 38 °C) over some southern 
and southwestern states. Although the forecasts are close to 
the observed values, the model fails to generate the extreme 
events over a large region in the West. The daily minimum 
temperature in the observation covers a large northern region 
with lower values (< 6 °C) whereas the southern states have 
the highest values (> 15 °C). The model forecasts capture the 
observed pattern with slightly higher values but miss several 
areas in the western states.

The weekly extreme events follow the same patterns 
as the seasonal events in both the observations and model 
forecasts. The model predictions of the events in precipi-
tation are larger than observation over the CONUS with 
errors above 24 mm  day−1 in the eastern part and do not 
change appreciably from week 1 to 4. The magnitude of 
the errors is somewhat proportional to the value of the 
extreme events. The spatial correlation between observa-
tion and model forecasts is almost negligible while the pre-
cipitation per event has moderate correlation. The model 

generates higher number of extreme events in precipitation 
compared to observations but with less accuracy in their 
locations. These results indicate that the model is able to 
capture the magnitude and spatial pattern reasonably well 
over large regions, but the prediction at very local level (or 
grid point level) is far from accurate. The model’s predic-
tion of the daily maximum temperature varies widely from 
week 1 to 4 in its ability to generate the extreme events 
although the magnitude is close to the observation where 
it succeeds. Although the spatial correlation of the number 
of events between forecasts and observation is low (around 
0.2), the correlation of the temperature per event is very 
high (around 0.9) for all the weeks. This implies that there 
is less local variation in the magnitude of the tempera-
ture events compared to the precipitation as well as that 
the model is more accurate in predicting the temperature 
events whenever and wherever it can generate them. The 
behavior of the daily minimum temperature is similar to 
the maximum temperature but with minor differences. The 
model is able to predict the minimum temperature over a 
larger region but the errors grow from week 1 to 4. The 

Fig. 13  Composites of ISO 
mode of precipitation (mm 
 day−1) in a CPCU observation 
and b UFS forecasts based on 
95P of CPCU precipitation. 
Composites of ISO mode of 
maximum 2 m temperature 
(°C) in c CPC observation and 
d UFS forecasts based on 95P 
of CPC maximum temperature. 
Composites of ISO mode of 
minimum 2 m temperature 
(°C) in e CPC observation and 
f UFS forecasts based on 5P of 
CPC minimum temperature. 
The composites were com-
puted using all the forecasts 
initiated from 1st and 15th 
of each month during JJAS 
2011–2017. The composites are 
averages over the entire period. 
The unshaded white regions 
over CONUS indicate that the 
extreme events did not occur at 
those grid points
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spatial correlation of the number of events in the mini-
mum temperature is of moderate value (around 0.4) while 
the correlation of the temperature per event is very high 
(above 0.9). These results suggest that a higher initializa-
tion frequency can improve the model’s ability to generate 
the extreme events.

The leading modes of variability over CONUS and 
adjoining oceanic and land regions, obtained through MSSA, 
are related to ENSO, ISO and warming trend. The influence 
of these modes was studied by examining the seasonal com-
posites of each mode based on the extreme events in each 
field. Since the space-time structures of the leading modes 
are coherent, their association with the extreme events show 
clear signatures. While all the three modes have enhancing 
influence over a large part of the CONUS in the precipitation 
events, the ISO and the trend have the strongest influence 
over the central region. For the maximum temperature, the 
extreme events have positive enhancement mostly by the 
ENSO mode whereas the ISO mode has weak mixed influ-
ence and the trend mode has moderate negative influence. 
The ENSO and ISO modes enhance the extreme events in the 
minimum temperature while the trend mode has diminishing 

influence. The focus of the study has been on the impact 
of large-scale modes of climate variability on the extremes 
of atmospheric weather. In addition to these environmental 
conditions, there are other local influences, such as land-
atmosphere interactions (Dirmeyer 2000; Zhang et al. 2008; 
Mei and Wang 2012), convective processes (Gao et al. 2017; 
Prein et al. 2017) and small-scale circulations (Higgins et al. 
1997; Angel et al. 2015; Abatzoglou 2016), that contribute 
to extreme events and need to be addressed when evaluating 
the forecast skill of a prediction system.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00382- 021- 06120-0.
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