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ABSTRACT

To elucidate physical processes responsible for the response of U.S. surface temperatures to El Nifio—
Southern Oscillation (ENSO), the surface energy balance is diagnosed from observations, with emphasis on
the role of clouds, water vapor, and land surface properties associated with snow cover and soil moisture.
Results for the winter season (December—February) indicate that U.S. surface temperature conditions as-
sociated with ENSO are determined principally by anomalies in the surface radiative heating—the sum of
absorbed solar radiation and downward longwave radiation. Each component of the surface radiative
heating is linked with specific characteristics of the atmospheric hydrologic response to ENSO and also to
feedbacks by the land surface response. During El Nifo, surface warming over the northern United States is
physically consistent with three primary processes: 1) increased downward solar radiation due to reduced
cloud optical thickness, 2) reduced reflected solar radiation due to an albedo decline resulting from snow
cover loss, and 3) increased downward longwave radiation linked to an increase in precipitable water. In
contrast, surface cooling over the southern United States during El Nifio is mainly the result of a reduction in
incoming solar radiation resulting from increased cloud optical thickness. During La Nifia, surface warming
over the central United States results mainly from snow cover losses, whereas warming over the southern
United States results mainly from a reduction in cloud optical thickness that yields increased incoming solar
radiation and also from an increase in precipitable water that enhances the downward longwave radiation.
For both phases of ENSO the surface radiation budget is closely linked to large-scale horizontal and vertical
motions in the free atmosphere through two main processes: 1) the convergence of the atmospheric water
vapor transport that largely determines cloud optical thickness and thereby affects incoming shortwave
radiation and 2) the changes in tropospheric column temperature resulting from the characteristic atmo-
spheric teleconnections that largely determine column precipitable water and thereby affect downward
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longwave radiation.

1. Introduction

El Nifio-Southern Oscillation (ENSO) induces a strong
natural interannual climate signal that affects the surface
climate in numerous regions of the globe including the
continental United States. The effect of ENSO on the
U.S. surface temperature has been documented in many
previous studies (Ropelewski and Halpert 1986, 1987;
Kiladis and Diaz 1989; Hoerling et al. 1997; Larkin and
Harrison 2005; Wang et al. 2007; Lau et al. 2008). During
El Nifio winter, the northern contiguous United States is
dominated by warm temperature anomalies and the
southern United States is dominated by cold temperature
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anomalies. During La Nifla winter, there is a general
reversal in temperature anomalies in many regions of
the United States, although the response is not strictly
linear (e.g., Hoerling et al. 1997). Despite the strong
impact of ENSO on U.S. climate, and even though it is
widely recognized as providing the principal source of
seasonal forecast skill for the United States (e.g., Quan
et al. 2006), little is known about the physical processes
responsible for the surface temperature signals. Virtually
all of ENSO-impact studies have focused on atmospheric
teleconnections (e.g., Trenberth et al. 1998; Hoerling
and Kumar 2000), but these alone cannot explain the
immediate causes for the surface temperature anomalies.

At the surface, temperature changes are determined
by diabatic heating, which is intimately tied to the hy-
drological cycle, including the radiative effects of water
vapor, clouds, and changes in surface properties such
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as soil moisture and snow cover. It is understood that
tropical SST anomalies excite the propagation of Rossby
waves from the tropical Pacific Ocean poleward and
eastward to the Americas and thereby affect the region’s
climate [see the review by Trenberth et al. (1998)]. An
open question is how circulation anomalies modify wa-
ter vapor, clouds, and land surface properties over the
Americas, because these changes are critical for the sur-
face energy balance that determines the characteristics
of surface temperature responses to ENSO.

As an essential component of the global hydrologic
cycle, water vapor and clouds contribute significantly to
Earth’s climate (e.g., Chahine 1992; Ramanathan et al.
2001; Sun et al. 2003). Extensive efforts have been de-
voted to assessing the changes in the hydrologic cycle
associated with ENSO over the oceans (Soden 2000; Sun
et al. 2003, 2006, 2009; Zhang and Sun 2006, 2008), but
less attention has been given to describing the changes in
the hydrologic cycle over land, especially over the con-
tinental United States. Yang et al. (2001) studied the
impact of snow variability induced by ENSO on surface
temperature responses over North America. Their results
indicated that the snow-albedo feedback is an impor-
tant factor affecting the North America surface climate
anomaly. Snow—albedo feedback effects constitute only
one component of local surface diabatic heating how-
ever, namely the upward shortwave radiative flux at the
surface. The role of water vapor and clouds, which con-
trol the downward longwave and downward shortwave
radiative fluxes, remains to be understood.

The purpose of this paper is to understand the physics
of U.S. surface temperature response to ENSO by high-
lighting the role of water vapor, clouds, and land surface
interactions. Section 2 describes the method and the ob-
servational datasets used in this study. Section 3 first
presents the observed composite anomalies of U.S. sur-
face temperature during El Nifio and La Nifia and then
illustrates the composite surface energy components that
maintain the U.S. surface temperature patterns. The rel-
ative roles of water vapor, clouds, and snow cover are ex-
amined to understand the physical processes underlying
the various surface energy fluxes. A summary of principal
results is given in section 4 where we interpret the surface
temperature anomalies during ENSO within a holistic
framework that integrates the immediate effects of
physical processes inherent in the energy balance with
the ultimate causal effects linked to the free-atmospheric
teleconnections.

2. Method and data

The surface energy balance is subject to the law of
energy as indicated in Eq. (1):
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where C; is the surface layer heat capacity per unit area,
aT/at is the temperature tendency; SWpsorbeds LWdown,
and LW, are the absorbed shortwave radiative flux at
the surface and the downward and upward longwave
radiative fluxes at the surface, respectively; SH and LH
are the sensible and latent heat fluxes; GH is the ground
heat flux; and M is the energy flux used for melt.

As demonstrated by Wild et al. (2004), the last two
terms (AGH and AM) are negligible, and, for the time-
averaged states considered here, the temperature ten-
dency is also effectively zero. Thus the surface energy
balance that maintains the surface temperature distribu-
tion is given by

ASW

+ ALW + ALWup + ASH + ALH =0.
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The sum of the absorbed shortwave and downward
longwave radiation fluxes [the first two terms of Eq. (2)]
is defined as the surface radiative heating, which indicates
the radiative energy input to the surface. In response to the
imposed change of surface radiative heating, the surface
redistributes the changed energy content among the non-
radiative fluxes of the surface energy balance (SH and LH)
and the surface longwave emission (LW,;).

In this study, we focus on the impact of ENSO on the
U.S. hydrologic cycle during northern winter [December—
February (DJF)] using multiple observational datasets.
We conduct composite analysis to understand coherent
features in the response of the hydrologic cycle to El Nifio
and La Nina SST forcing over the continental United
States. The definition of warm and cold events is based on
the same method as is used by Hoerling et al. (1997), and
the warm-event and cold-event years used in the composite
(see Table 1) are selected on the basis of the availability of
the satellite data from which to determine the surface en-
ergy balance.

The International Satellite Cloud Climatology Project
(ISCCP) “FD” data (Zhang et al. 2004) and ISCCP “D2”
data (Rossow et al. 1996) are used for examining the re-
sponse of water vapor and clouds, respectively, over the
United States to ENSO forcing. The ISCCP FD data also
include the monthly radiative fluxes both at the surface
and at the top of the atmosphere, which allows us to per-
form the surface energy budget analysis. The correspond-
ing surface latent and sensible heat fluxes are obtained
from the 40-yr European Centre for Medium-Range
Weather Forecasts Re-Analysis (ERA-40; Uppala et al.
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TABLE 1. List of warm and cold events from the observational datasets used in the composite analysis.
Variable (Symbol) Dataset Warm events Cold events Reference
Surface radiative fluxes ISCCP FD 1986/87; 1987/88; 1988/89; 1995/96; Zhang et al. (2004)
1991/92; 1994/95; 1998/99; 1999/2000
1997/98; 2002/03
Surface temperature, surface ISCCP FD Same as above Same as above Same as above
albedo and total-column
precipitable water
Cloud amount and cloud ISCCP D2 1986/87; 1987/88; 1988/89; 1995/96; Rossow et al. (1996)

optical thickness
Precipitation
Surface latent and sensible heat
fluxes (LH and SH)

Snow cover and soil moisture
content

Air temperature

Vertically integrated moisture
transport

CMAP

ERA-40 reanalysis

NARR data

NCEP-NCAR reanalysis

Trenberth data

1991/92; 1994/95;
1997/98; 2002/03
1986/87; 1987/88;
1991/92; 1994/95;
1997/98; 2002/03
1986/87; 1987/88;
1991/92; 1994/95;
1997/98
1986/87; 1987/88;
1991/92; 1994/95;
1997/98; 2002/03
1986/87; 1987/88;
1991/92; 1994/95;
1997/98; 2002/03
1986/87; 1987/88;
1991/92; 1994/95;
1997/98; 2002/03

1998/99; 1999/2000

1988/89; 1995/96;
1998/99; 1999/2000

1988/89; 1995/96;
1998/99; 1999/2000

1988/89; 1995/96;
1998/99; 1999/2000

1988/89; 1995/96;
1998/99; 1999/2000

1988/89; 1995/96;
1998/99; 1999/2000

Xie and Arkin (1997)

Uppala et al. (2005)

Mesinger et al. (2006)

Kalnay et al. (1996)

Trenberth (1997)

2005). For consistency, the surface temperature data
from ISCCP FD datasets are also used in this study. We
examine the responses of snow cover and soil moisture
from North American Regional Reanalysis (NARR) data
(Mesinger et al. 2006) to infer features of land surface
wetness over the continental United States and analyze
the Climate Prediction Center Merged Analysis of Pre-
cipitation (CMAP; (Xie and Arkin 1997) data to un-
derstand soil moisture conditions.

The air temperature from the National Centers for
Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis (Kalnay et al.
1996) and the vertically integrated water vapor transport
(Trenberth 1997) are used to understand the link between
the large-scale dynamics and the local impacts of water
vapor and clouds. ERA-40 reanalysis data are used to
estimate the composite anomalies for sensible and latent
heating instead of NARR data because we found that
ERA-40 data have a better spatial agreement in net
radiation with ISCCP data than do NARR data. In ad-
dition, the corresponding turbulent fluxes in ERA-40
exhibit a better compensation with ISCCP net radiation
when compared with NARR turbulent fluxes.

Our analysis is based on six warm events and four cold
events. This relatively small sample size results from the
brevity of the satellite observations available from which
we can calculate the surface energy balance. Because
standard 7 statistics can be very unreliable in estimating

the statistical significance of the response when the sample
is small, we determined the robustness of our estimates by
calculating the “‘sign agreement” for key physical compo-
nents of the surface radiation budget.

3. Results
a. Composite surface temperature anomalies

The wintertime patterns of the surface temperature
anomalies observed during El Nifio and La Nifia are dis-
played in the top and bottom panels of Fig. 1, respectively.
During El Nifio, maximum warm temperature anoma-
lies are located over western Canada and the northern
United States while the surface temperature is colder than
normal over the southern and eastern tiers of the United
States (Fig. 1a). These key features agree well with pre-
vious observational findings that are based on larger sam-
ple sizes (e.g., Hoerling et al. 1997; Larkin and Harrison
2005; Lau et al. 2008).

There is a general reversal in the pattern of surface
temperature anomalies during La Nifia, with the cold
(warm) anomalies prevailing in the northwest (south-
east) of the North American landmass (Fig. 1b). The
present composites for ENSO events after 1986 show an
asymmetry in temperature anomalies over the northern
regions of the United States (about poleward of 37°N),
where strong warm anomalies occur during both El Nifio
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FIG. 1. Composites of seasonally averaged DJF surface temperature anomalies (°C) in re-
sponse to (a) El Nifio and (b) La Nifia events. See Table 1 (section 2) for the years used in the

composites.

and La Nina events, consistent with a nonlinearity in
ENSO teleconnections that was reported in Hoerling
et al. (1997).

b. Composite surface energy flux anomalies

Anomalies in the individual components of the sur-
face energy balance are shown for El Nifio (left column

of Fig. 2) and for La Nina (right column of Fig. 2). We
adopt a sign convention in which contributions to posi-
tive (negative) local temperature tendency are plotted in
red (blue). The effect of changes in the upward longwave
radiation merely represents the radiative response to the
anomalous surface temperature itself following the Stefan—
Boltzmann law. Thus, temperature tendencies induced by
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FIG. 2. The composite DJF anomalies (W m™?) of (a) upward longwave radiation, (b) surface radiative heating, (c) net radiation, and
(d) the turbulent fluxes for El Nifio events. (e)—(h) Corresponding anomalies of surface energy flux for La Nina events. The surface
radiative heating is defined as the sum of the absorbed shortwave and downward longwave radiation at the surface. The net radiation is
equal to the sum of surface radiative heating and the upward longwave radiation. The turbulent fluxes are the sum of LH and SH. Note that
energy gain for the surface is signed as positive and energy loss for the surface is signed as negative, which provides a qualitative indication
of their contributions to surface temperature tendency.
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upward longwave flux anomalies are out of phase with the
composite surface temperature anomalies, although the
land surface emission may not be perfectly represented as
a blackbody emission (cf. Fig. 1 with top panels of Fig. 2).

The surface radiative heating, defined as the sum of ab-
sorbed surface net shortwave radiation flux and the down-
ward surface longwave radiation flux, provides a more
insightful indication of how water vapor and cloud feed-
backs determine the U.S. surface temperature anomalies
during ENSO. It is clear from the second-row panels in
Fig. 2 that the patterns of observed temperature anom-
alies during El Nifio and La Nifia are almost entirely de-
termined by the surface radiative heating. Note that over
the northern United States the large positive anomalies
of surface radiative heating agree well with the large
warm temperature anomalies. Similarly, over the south-
ern United States, the small negative anomalies of sur-
face radiative heating are in accord with the weak cold
temperature anomalies (Fig. 2b and Fig. 1a). The change in
the surface net radiation, which is the sum of the anoma-
lous upward surface longwave radiation and anomalous
surface radiative heating, is a small residual resulting
from a cancellation of these two components.

We use the ERA-40 reanalysis to estimate the compos-
ite anomalies for sensible and latent heating, the results of
which are shown in the bottom panels of Fig. 2. Despite the
independent sources of information for the radiative and
turbulent heat fluxes, a broad compensation between net
surface radiation and turbulent heat fluxes (LH + SH), as
demanded by Eq. (2), is evident. The mismatch in spatial
pattern between radiative and turbulent fluxes in some
regions is mostly due to the discrepancy in net radiative
flux between ERA-40 reanalysis and ISCCP data, since the
spatial pattern of net radiative flux of ERA-40 data has
a better match with that of the turbulent fluxes shown in
Fig. 2. Although the pattern of net radiative flux of ERA-
40 data is largely consistent with that of ISCCP data, the
magnitude of dominant positive anomalies during El Nifio
and dominant negative anomalies during La Nifia as noted
in ISCCP data is somewhat underestimated in ERA-40
data.

The energy flux due to phase changes of snow to liquid
water is estimated to be much smaller than the turbulent
fluxes. On the basis of the available NARR data, it is
observed that the energy flux due to snow melting is
0.09 W m~? during El Nifio events averaged over the
Pacific Northwest regions and is 0.1 W m ™2 during La
Nifa events over the central U.S. regions. These values
are an order of magnitude less than other terms in the
energy balance for both phases of ENSO.

The role of clouds, water vapor, and land surface
feedbacks in determining the pattern of U.S. surface
temperature anomalies during ENSO can be inferred
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from a diagnosis of the two components of surface ra-
diative heating—the absorbed shortwave radiation and
the downward longwave radiation. Figure 3 shows the
response of the absorbed shortwave radiation (top row),
which is the sum of the reflected (upward) surface short-
wave radiation (second row) and the incident downward
shortwave radiation (third row). During El Nifio winters,
a warming contribution due to increased absorbed solar
radiation over the northwestern United States is the re-
sult of two physical processes: a reduction in surface al-
bedo due to snow cover loss (see Fig. 4) and increased
incoming solar radiation due to a reduction in cloud op-
tical thickness, with the former process dominating (Fig.
3, fourth row). During La Nifa winters, a contribution to
cooling by the reduction in absorbed shortwave radiation
over the far northwestern United States (Fig. 3, top right)
is mainly the result of increased cloud optical thickness
(Fig. 3, fourth row right). Over the southern United States,
a cooling (warming) during El Nifio (La Nifa) by the
decreased (increased) absorbed shortwave radiation is
mainly due to the increase (reduction) in cloud optical
thickness.

The response of total cloud cover is consistent with
that of cloud optical thickness over the Northwest and
Southwest (not shown), but over the southern United
States, the response of total cloud cover is out of phase
with that of cloud optical thickness, especially for El Nifio
winters. As noted by Boer (1993), the response of cloud
optical depth could be out of phase with that of cloud
cover in some regions and may play a more important
role in regulating the incoming solar radiation. This sug-
gests that the increase (reduction) in cloud optical thick-
ness outweighs the reduction (increase) in cloud cover in
the southern United States and that, in general, the role
of cloud optical thickness is dominant in regulating the
incoming solar radiation over the United States during
ENSO events.

The physical processes determining the surface radi-
ation anomalies are closely linked to air motions and
advection in the free atmosphere. In particular, clouds
are a consequence of vertical air motions and horizontal
moisture transport. Figure 3 (bottom) shows the conver-
gence of the vertically integrated water vapor transport
in the atmosphere. It is clear that there is a strong spatial
agreement between the convergence (divergence) of the
atmospheric water vapor transport and the increase
(decrease) of cloud optical thickness (Fig. 3, fourth row),
with the latter being the primary driver of the anoma-
lous downward shortwave radiation.

c. Composite surface property anomalies

Anomalies in land surface properties are an impor-
tant element in understanding land surface temperature
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anomalies themselves and also in understanding the
asymmetry of those anomalies between El Nifio and La
Nina (see Fig. 1). A key feature is the general decrease
in surface albedo over the United States during both
phases of ENSO (Fig. 4, top). This is largely related to
snow cover reduction over the northern-central United
States during El Nifio and mainly over the central United
States during La Nifia (Fig. 4, second row). When mar-
ginally snow covered areas are initially warmed—for ex-
ample, through increased downward shortwave radiation
(see Fig. 3) or increased downward longwave radiation
(see Fig. 5)—snow is apt to melt, lowering the albedo,

which in turn can cause a positive temperature—snow
feedback. Soil moisture changes associated with precipi-
tation anomalies (lower rows of Fig. 4) appear to play a
role in the surface temperature response through effects
on surface albedo also. Increased (decreased) surface al-
bedo over the southern United States is associated with
increased (decreased) precipitation and soil moisture
during El Nifio (La Nifia).

The relationship implied in Fig. 4 appears contrary to
the observational indication that sand and soils exhibit
reduced albedo when wet (e.g., Twomey et al. 1986). To
further explore the cause of changes in surface albedo,
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we have used the Global Inventory Modeling and Map-
ping Studies normalized difference vegetation index da-
tasets (Tucker et al. 2005) to examine the response of
surface vegetation during El Nifio and La Nifia winters
(not shown). The areas of increased ““greenness” over the
northern plains during El Nifio and over the central plains
during La Nifia are consistent with our prior analysis of
reduced surface albedo, a reduction that we attributed to
the loss of snow cover in each region (see Fig. 4). Less clear
is the relationship in the southern United States, which is
mainly covered by evergreen forest (Notaro et al. 2006);
asmall increase in greenness is found during both EI Nifio
and La Nifia, which would imply a reduction in surface
albedo. Note, however, that the change in surface albedo
is very small over the southern United States and that the
upward shortwave radiation anomalies in the southeast-
ern United States associated with albedo changes are a
small contribution to the surface energy balance along
the Gulf Coast.

d. Impact of precipitable water on downward
longwave radiation

The other key radiative forcing that determines the
land surface temperature anomalies during ENSO is the
anomalous downward longwave radiation (Fig. 5, top).
In several areas of the United States, its amplitude ex-
ceeds that of the anomalous absorbed shortwave radia-
tion (see Fig. 3, top), most notably in the vicinity of the
Canadian border, and also over the southwestern United
States during La Nina. Changes in atmospheric water
vapor content are the principal source for the anomalous
downward longwave radiation, as is readily apparent from
the very close spatial agreement between the anomalous
precipitable water (Fig. 5, middle) and the downward
longwave radiation (Fig. 5, top). During El Nifo, an almost-
continent-wide increase in atmospheric water vapor con-
tributes to an elevated greenhouse effect (e.g., Zhang and
Sun 2008) and a forcing of surface temperature warming
through the resulting change in downward longwave
radiation. Note once again that the anomalous longwave
forcing of surface temperature during El Nifio is not equal
and opposite to that during La Nifa, thus further contrib-
uting to the asymmetry in the respective surface tempera-
ture anomaly patterns above and beyond that resulting
from snow-albedo feedbacks.

The column precipitable water anomalies are best
understood from the free-atmospheric temperature anom-
alies rather than from the atmospheric water vapor trans-
port. It is clear that the diagnostics of the vapor flux
convergence presented in Fig. 3 cannot explain the pattern
of column precipitation water vapor anomalies (Fig. 5
middle panels). To clarify the cause of the column precip-
itable water response, we analyzed the free-atmosphere
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column temperature anomalies (1000-100 hPa), the re-
sult of which is shown in Fig. 5 (bottom). The anomalies
in column mean temperature are very similar to the anom-
alies in midtropospheric heights during El Nifio and La
Nifa, which together describe the tropical-Northern
Hemisphere (TNH) teleconnection pattern. The analy-
sis reveals that anomalies in column precipitable water
(Fig. 5, middle panels) are largely consistent with increased
(decreased) water vapor holding capacity in regions of
tropospheric warming (cooling).

Furthermore, we note that the pattern of precipitable
water change is mostly opposite to the change in pre-
cipitation itself (see Fig. 4, bottom). Areas of increased
(reduced) total-column water vapor generally experience
reduced (increased) winter precipitation, suggesting that
the mechanism for precipitation responses to ENSO is
intimately linked to the dynamics of weather systems,
frontal boundaries, and the phenomena responsible for
inducing adiabatic vertical motions and mass conver-
gence, and not merely to the water vapor abundance
itself.

4. Discussion
a. Synthesis

An observational analysis of the surface energy bud-
get was presented to identify the major contributors to
the U.S. surface temperature anomalies during ENSO.
The study focused on the composite anomalies of water
vapor, clouds, and land surface properties to provide an
understanding of the physical processes that shape the
regional U.S. wintertime surface temperature anomaly
patterns during El Nifio and La Nifa.

Surface energy balance requires that anomalies in sur-
face radiative heating (defined as the sum of absorbed
solar radiation and downward longwave radiation) be
balanced by the upward longwave radiation and the net
turbulent flux (the sum of latent and sensible heat
fluxes). Over land in particular, the change in surface ra-
diative heating is the dominant physical mechanism for
determining the response of U.S. surface temperature.
As a summary of the physical processes associated with
the U.S. ENSO response, Table 2 presents the principal
radiative forcings averaged geographically over the larg-
est surface temperature signals. The numbers in paren-
theses indicate the sign agreement of the individual cases
and provide a measure for the robustness of the results.
During El Nifio, strong northern U.S. warming and Gulf
Coast cooling result from increased and reduced surface
radiative heating, respectively. The northern U.S. warming
is mainly attributed to increased downward longwave ra-
diation and a reduced reflection of solar radiation, which
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TABLE 2. The responses of surface temperature and the associated surface radiative fluxes and surface albedo averaged over the Pacific
Northwest (120°-90°W, 40°-53°N) and the Gulf Coast (112°-80°W, 30°-36°N) for El Nifio and over the central United States (120°-90°W,
37°-45°N) and the Gulf Coast (112°-80°W, 30°-36°N) for La Nifia. The values for the responses are obtained based on the composites of six
(four) warm (cold) cases in Table 1 (note that, by considering a winter mean U.S. surface temperature of 275 K, the rate in U.S. surface
emission is less than 4.7 W m~2 K™!, following the Stefan-Boltzmann law). The numbers in parentheses indicate how many cases yield
positive values (p) and how many cases yield negative values (n) among the six (four) warm (cold) cases. The meanings of the symbols are
as follows: SFCT is surface temperature, SRH is surface radiative heating, LW_dn is downward surface longwave radiation, SW_dn is
downward surface solar radiation, SW_up is upward surface solar radiation, and SW_net is absorbed solar radiation at the surface. Note
that here SRH = LW_dn + SW_net = LW_dn + SW_dn + SW_up.

El Nino La Nifia
Responses to ENSO Pacific Northwest Gulf Coast Central United States Gulf Coast
SFCT (°C) 1.6 -06 2.0 14
(p: 5;n: 1) (p:2;n: 4) (p:3;n: 1) (p: 4;1: 0)
SRH (W m™?) 8.7 -17 5.6 10.1
(p:5;n: 1) (p: 1;n:5) (p:3;n: 1) (p: 4;n: 0)
LW_dn (W m™?) 49 1.9 22 3.7
(p: 5;n: 1) (p: 3;n: 3) (p:3;n: 1) (p:3;n: 1)
SW_dn (W m™?) 0.2 -3.6 -1.7 5.1
(p: 3;n: 3) (p: 0; n: 6) (p: 1;n: 3) (p:3;n: 1)
SW_up (W m™?) 3.6 0.0 5.1 1.4
(p: 6; n: 0) (p: 3;n: 3) (p:3;n: 1) (p: 4;1: 0)
SW_net (W m?) 3.8 -3.6 35 6.4
(p: 6;n: 0) (p:2;n: 4) (p: 4;1: 0) (p:3;n: 1)
Surface albedo —0.041 0.0050 —0.047 —0.015
(p: I;n: 5) (p: 4;n:2) (p: 0;n: 4) (p: 0;n: 4)

are linked to increased precipitable water and decreased
snow cover, respectively. The Gulf Coast cooling is mainly
due to the reduction in incident solar radiation resulting
from increased cloud optical thickness. During La Nifia,
strong central and southern U.S. warming likewise results
from increased surface radiative heating. Warming over the
central United States is largely determined by a reduced
reflection of solar radiation, owing to snow cover loss.
Warming over the Gulf Coast is mainly due to increased
incident solar radiation associated with reduced cloud
optical thickness and also is due to increased downward
longwave radiation associated with a column increase in
precipitable water.

Figure 6 further summarizes our principal findings of
the main physical processes that explain the U.S. surface
temperature responses to ENSO forcing. Shown are anom-
alies in precipitable water (top panel), cloud optical thick-
ness (second panel), surface temperature (third panel), and
surface albedo (bottom panel). The diagram, which syn-
thesizes our results in a quantitative way, highlights the in-
terplay among various features of the hydrological cycle
and their ultimate effects on surface temperature. In par-
ticular, our analysis reveals that the patterns of surface
albedo and cloud optical thickness changes are highly
congruent and that each is further linked to patterns of
anomalous precipitation. During El Nifio, dynamical
processes tied to storm-track shifts (e.g., Held et al. 1989;
Hoerling and Ting 1994; May and Bengtsson 1998) re-
sult in below-normal precipitation over the northern and

western United States (see Fig. 4), and the implied re-
duced upward vertical motion results in reduced cloud
optical thickness (second row), acting to warm surface
temperature (third row). This radiatively forced warm-
ing combines with reduced precipitation to reduce snow
cover over the same region, thereby acting to amplify the
surface warming. A similar interplay of physical pro-
cesses occurs across the central United States during
La Nifa. Precipitation is broadly reduced over the central
Great Plains. The anomalous La Nifla teleconnections
pattern is associated with storm tracks shifted northward
to the Canadian border, leading to reduced upward mo-
tion and reduced cloud optical thickness. The resultant
surface warming is amplified by the accompanying loss in
SNOW COVer.

The pattern of precipitable water (top row), which
further drives surface temperature through water vapor
feedbacks, is largely in phase with the overall tempera-
ture anomaly itself (third row). During El Nifo, greater
(lesser) atmospheric water vapor content over the north-
ern (southern) United States is consistent with a vertically
averaged tropospheric warming (cooling) associated in
part with anomalous descent (ascent); these regions of
tropospheric warming (cooling) have greater (lesser) water-
holding capability. A similar argument pertains to the re-
lation between column precipitable water and atmospheric
dynamics during La Nifia. There is thus a strong cou-
pling between downward longwave radiative flux, as
implied by the sign of precipitable water anomalies, and
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FIG. 6. Schematic diagram showing the physical mechanisms by which the water vapor, clouds, and surface properties (indicated by
surface albedo) determine the wintertime surface temperature over the continental United States during ENSO events. Note that con-
tributions to surface warming (cooling) are plotted in red (blue) for water vapor and clouds and are plotted in black (white) for surface
albedo. Reduced surface albedo is indicated by dark shades, implying darker surface conditions contributing to warming.

the dynamically driven changes in precipitation itself. In
total, based on diagnosis of both shortwave and long-
wave radiation, our analysis of the physical processes
responsible for the U.S. surface temperature response to
ENSO indicates a strong link with dynamical processes
that determine vertical motion and precipitation.

The surface temperature anomalies during ENSO in-
tegrate the immediate effects of physical processes in-
herent in the energy balance with the ultimate causal effects
linked to the free-atmospheric teleconnections. Our anal-
ysis reveals two processes providing this linkage. First,
there exists a strong connection between the convergence
of the atmospheric water vapor transport, which largely
results from the storm-track shifts during ENSO, and the
cloud optical thickness. The latter affects the downward
shortwave radiation, a key contributor to the surface
energy balance. Second, the ENSO-generated TNH-like
teleconnection pattern and related tropospheric column
temperature control the column precipitable water and

the resulting changes in downward longwave radiation,
a second major contributor to the surface energy balance.
Changes in land surface properties, especially snow cover,
amplify the surface temperature anomalies.

b. Concluding remarks

Our results have implications for the modeling and
prediction of U.S. surface temperature anomalies during
ENSO. Increasingly, such predictions are produced using
dynamical models (e.g., Barnston et al. 2010). Whereas
climate models have been extensively validated as to their
dynamical attributes with regard to responses to ENSO
(e.g., storm tracks, teleconnections), little is known about
the fidelity of physical processes associated with the sur-
face temperature response in models. It is evident from
the results presented here that the latter is intimately tied
to processes of water vapor, clouds, and surface proper-
ties, most of which require parameterization in atmo-
spheric models. It is plausible, and in fact is likely to be the
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case, that different climate models may produce very sim-
ilar teleconnection responses to ENSO forcing yet render
different U.S. surface temperature anomalies, in amplitude
and/or in pattern, owing to uncertainties in parameterizing
the hydrologic cycle. In principle, our results suggest that
accurate teleconnections will not guarantee accurate
surface temperature signals (or predictions), to the extent
that representation of key physical processes is deficient.
In so far as ENSO is the primary source of U.S. surface
temperature predictability, it is evident that a commen-
surate effort to evaluate the physics of the temperature
response should be pursued to assess the suitability of
climate models for such predictions, as has previously
been done for the dynamics of teleconnections (Kumar
et al. 1996).

Our observational findings have presented a relatively
detailed picture for understanding the physics of the
U.S. surface temperature response to SST forcing. They
may be useful for the validation of climate models used
in seasonal forecasting and may also serve as a stepping
stone for understanding the U.S. surface temperature
response to anthropogenic greenhouse gas forcing in na-
ture and in models used for climate-change projections.
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