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Abstract. Incident shortwave radiation at the Earth’s sur- 1 Introduction
face is the driving force of the climate system. Understand-
ing the relationship between this forcing and the sea surfac€limate projections depend on the ability to correctly rep-
temperature, in particular, over the tropical Pacific Ocean isresent the EI Nio/Southern Oscillation (ENSO) phenomena
a topic of great interest because of possible climatic impli-in numerical climate models. Certain deficiencies in the sim-
cations. The objective of this study is to investigate the re-ulation of the El Niio (Joseph and Nigan2006 van Old-
lationship between downwelling shortwave radiative fluxesenborgh et aJ.2009, such as the intensity and location of
and sea surface temperature by using available data on radi#ts anomalies over the equatorial Pacific, can be attributed
tive fluxes. We assess first the shortwave radiation from thre¢o processes that depend on the downwelling surface short-
General Circulation Models that participated in the secondwave fluxes (hereafter SW,,rf). Satellites can provide large-
phase of the Atmospheric Model Intercomparison Projectscale information on radiative fluxes and resulting products
(AMIP 1) against estimates of such fluxes from satellites. have been systematically evaluated against ground observa-
The shortwave radiation estimated from the satellite is basedions Gupta et al. 1999 Li et al,, 1995 Whitlock et al,
on observations from the International Satellite Cloud Cli- 1995 Zhang et al.2007. In this study it is assumed that the
matology Project D1 data and the University of Maryland satellite-based estimates of S\ can be used for evalua-
Shortwave Radiation Budget model (UMD/SRB). Model and tion of products from numerical models. The model based
satellite estimates of surface radiative fluxes are found to bestimates need to be evaluated against “observations” to im-
in best agreement in the central equatorial Pacific, accordprove parameterizations and to provide physical descriptions
ing to mean climatology and spatial correlations. We apply aof observed events, such as ENSO. Here, the consistency of
Canonical Correlation Analysis to determine the interrelatedthe SW| syt as produced by three models used in the At-
areas where shortwave fluxes and sea surface temperatuneospheric Model Inter-comparison Project (AMIP 11) ex-
are most sensitive to climate forcing. Model simulations andperiments [ittp://www-pcmdi.linl.gov) is evaluated against
satellite estimates of shortwave fluxes both capture well theSW| syt derived from satellite observations. The models se-
interannual signal of El Niio-like variability. The tendency lected for comparison were: CCSM3 (USA3dllins et al,
for an increase in shortwave radiation from the UMD/SRB 200§, UKMO-HadGEML1 (UK) Gordon et al.2000 and
model is not captured by the AMIP || models. CNRM-CM3 (France) Deque et a].1994. The data used
cover the period from July 1983 to June 2000, including no-

Keywords. Meteorology and atmospheric dynamics (Cli- table EI Nfio and La Niia events. The period used is limited

matology; Ocean-atmosphere interactions) — Oceanography?y the availability of SWsurf data from the AMIP Il simula-
general (Benthic boundary layers) tions, satellites and the most recent sea surface temperature

(SST) data from the National Oceanic Atmospheric Admin-
istration (NOAA) (Reynolds et a).2002. The comparison is
performed over the tropical Pacific where a strong signal of
interannual variability occurs.
Correspondence taC. Rodriguez-Puebla Radiative fluxes from different models have been investi-
(concha@usal.es) gated in several recent studies. For examyleelicki et al.
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Table 1. AMIP 1l models used in this study.

Model Model Center Resolution Ref.
CCSM3 (USA) NCAR Spectral T85xL26  Collins (2006)
UKMO-HadGEML1 (UK) Hadley Center N96 L38 Gordon (2000)
CNRM-CM3 (France) Meteo-France  Spectral T63 x L45 Deque (1994)

(2002 have shown that model simulations fail to predict ob- Zhang et al.2007) and were included in a number of inter-
served variation in the radiation emitted by the plangt comparison effortsHalthore et al.2005.
lan et al.(2004) evaluated the radiation budgets from the 40 The AMIP Il models are available from the Program for
Year Re-analysis (ERA-40) against satellite data; they foundClimate Model Diagnosis and Intercomparison (PCMDI)
that the climatology of clear-sky shortwave radiation is well (http://www-pcmdi.linl.gov). We selected three models
captured by ERA-40 while interannual changes are poorlybased on the closeness of their spatial resolution to the satel-
simulated.Weare et al(1995 observed similar patterns for lite data and on the best performance of the mean state com-
cloudiness using models and satellite observations for thgared to UMD/SRB data. Some characteristics, such as hor-
period 1979 to 1988, though models gave smaller magniizontal and vertical resolution and references that document
tudes of the variationStott et al.(2003 point out that cli-  the models are listed in Table 1. The monthly mean Sea Sur-
mate models, such as the Hadley Center coupled atmosphertace Temperature Ol.v2 is produced on a one-degree grid us-
ocean general circulation model (HadCM3), underestimatdng in situ and satellite data that are described and evaluated
the observed climate response to solar forcing. Other studieagainst observations Reynolds et al(2002 andSmith and
have considered the interactions between radiative fluxes anReynolds(2004). The analysis was performed for the period
ENSO phenomenon. For exampehen et al(2002 found July 1983 to June 2000 over the region 1&0to 100 W,
an association between Elidi, and longwave and reflected 20° S to 20 N. The monthly means from the AMIP Il sim-
shortwave radiation at the top of the atmosph&ieou et al.  ulations and the SST data were re-gridded to thé grid
(2004 stressed the importance of solar heating to explainof the satellite SWey+. The reduced resolution of SST to
the interannual variations of SSMartin et al. (2004 also match the resolution of S\\4,; did not affect this intercom-
obtained EIl Niio signals in highly reflective cloudsVvec- parison study. In fact, the correlation between the SST time
chi and Harrison(2003 point out that the interactions be- series averaged over the EIfi 3.4 region with and without
tween anomalous EI Rb conditions and the seasonal cycle re-gridding is 0.99. The standard deviation of the re-gridded
of shortwave radiation may explain the processes that causeata decreased 15% with respect to the original data.
the end of the El Nio year. However, the links between  We use a sea level pressure gradient indeSl(P) com-
SW| surfand SST using different types of data have not beenputed from the difference in SLP anomalies with respect to
investigated. the monthly means averaged over (180to 80° W, 5° S to
In the following section we briefly describe the data and 5° N) and over (80E to 160 E, 5° S to 5 N) (Vecchi et al,
methods used. Section 3 presents a comparison betwee2006 to compare the changes in tropical Pacific circulation
SW{ surf from General Circulation Models runs of the AMIP with the SW| sy variations. TheASLP index is derived
Il outputs and from satellite estimates (hereafter UMD/SRB).from the reanalysis data of the National Centers for Environ-
We explore the connection between $¥y: with El Nifio mental Prediction/National Center for Atmospheric Research
and examine the trend of the simulated and satellite estimate(NCEP/NCAR) Kalnay et al, 1996.
SW{ suritime series in Sect. 4. A summary of the major find-  The Canonical Correlation Analysis (CCA) method was
ings is provided in the Conclusion section. used to identify the regions of SY,f that are dynamically
connected with EI Nio events. CCA is a statistical technique
that identifies patterns in multivariate data sets and constructs
2 Data and methods transformed variables by projecting the original data onto
these patterns. The new variables maximize the interrela-
The SW| sy from AMIP Il models was evaluated against tionship between the two data sets. CCA is an extension of
the SW| sy produced with version 2.2 of the University of multiple regression and is useful in diagnosing aspects of the
Maryland/Shortwave Radiation Budget (UMD/SRB) model. coupled variability of two fields\Wilks, 2006 von Storch
This model calculates fluxes in a vertically inhomogeneousand Zwiers 1999.
scattering-absorbing atmosphel&igcombe 1977 Pinker The analysis was performed on anomalies or departures
and Laszlgp 1992 Laszlo and Pinker1993 Pinker et al. from the monthly mean at each grid point. The data are
1995 Zhang et al. 2007). The satellite estimates have scaled by the square root of the cosine of the latitude to
been evaluated against ground observatiies €t al, 2006 ensure that equal areas have equal influenBeetherton
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Fig. 1. Distribution of SW| g, over the tropical Pacific in W m? from satellite estimatega) UMD/SRB and AMIP Il models{b) CCSM3;
(c) UKMO-HadGEM1;(d) CNRM-CM3.

et al. (1992 have suggested pre-filtering of the two fields (a) CCSM3 - UMD/SRB

by applying Empirical Orthogonal Functions (EOBb(liffe, 208 1 ——2U ;
2002 before computing CCA. Therefore, the SW and - g ~30 h
the SST data were prefiltered by replacing them with a trun- ™" 20 < -9 ——2%
cated set of their principal componentsvezey and Smith EQ —;%%mp =30 o == _30 ,50*‘%5
(1999 provide some guidance to this approach, which has  _+ 7 = ¢ *OW 0 o —10
become a conventional procedure for data reduction. The in- | [\ Ve B 5
terrelationships were measured in terms of the correlation co->°°; 4Og30 P O AT Y TR a—r A

efficients between the canonical components associated with
the leading modes. The errors of the correlation coefficients (b) UKMO- HadGEMl UMD/SRB

were derived by a re-sampling procedure with the bootstrapzon s ; -
method Wilks, 1997). o) —20-10 o =
Trends of SW.suf from UMD/SRB and AMIP 1l mod- 10 305
els were obtained by a nonlinear regression method using ace <20 0 10 10
weighted least-squares fit of the anomalies to tihh&S(, m}f‘gg‘ .. 10 -
1997. The significance of the trend was measured by the /H'\ A )
non-parametric Kendall's Z tesP(ess et a).1996, by sub-  **0c =~ 150r 150 Teow  1zow 120w 1oow

stracting the number of discordant pairs from the number of

concordant pairs. The significant trend at the 95% level cor- (c) CNRM-CM3 - UMD/SRB
responds to the Z test greater th@h Weatherhead et al.  z2on
(1998 proposed a formula to obtain the number of years nec-
essary to detect a trend because the precision is affected by
the variability and autocorrelation of the data. The numbers 1}
of years used in our study to detect the trend is within the re- ;s |
quired interval. Th&Vang et al(2007) test was used to check
the homogeneity of the time series before obtaining the trend,” " ot 160¢ S0 160W 140w 120W  100W
the test detects undocumented discontinuities in climate data

series or whether the values are statistically different fromFig. 2. Difference between S\&éurf from AMIP ” models and

HadGEM1;(c) CNRM-CM3.

3 Assessment of AMIP Il model performance

Figures la to d show the average $Wyr data from the ing similar patterns. Larger values are seen over the east-
AMIP 1l models and from the UMD/SRB estimates, show- ern Pacific (300 W m?) while lower values are found over
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Table 2. Correlation coefficients, and their error interval, between shortwave {\Waveraged over El Nio 4 region and sea surface
temperature SST averaged over ERd3.4 region; and thaSLP or the difference in sea level pressure over {A80o 8C° W, 5° S to
5°N) and over (80E to 160 E, 5° S to 5 N). Regression coefficients, and their error interval, betweery §yWand SST in W T2 per
degree; and between SM,;s and ASLP in W n 2 per hPa.

SW{ surf Correlation ~ Regression Correlation Regression
SST(3.4) SST(3.4)  ASLP ASLP
UMD/SRB(4) —0.83+£0.02 -133+26 0.89+0.01 136+2
CCSM3(4) —0.79+0.03 -118+25 0.77+0.03 106+1.6
UKMO-HadGEM1(4) -0.86+0.02 —133+2.2 0.82+0.02 118+2.3
CNRM-CM3(4) —0.83+£0.02 -16.8+3.1 0.76+0.03 143+3.4

Table 3. Correlation coefficients, and their error interval, between shortwave {\Waveraged over El Nio 4 region for AMIP 1l and
UMD/SRB models. Standard deviation of S\, (STD). Linear trend and significance of the trend (Kendall’s Z test).

SW{ surt Correlation STD Linear trend Kendall's Z test
UMD/SRB(4) Wnr2 Wm2per year

UMD/SRB(4) 10 162 0.52 225

CCSM3(4) 077+0.03 151 —-0.09 —-0.31

UKMO-HadGEM1(4) 082+0.02 156 —0.009 —-0.13

CNRM-CM3(4) Q74+0.03 204 0.024 Q06

the western Pacific (200 Wm). Figures 2a to ¢ show the Our objective is to identify not only the areas where S\

SW| sur difference between the AMIP Il and UMD/SRB. In and SST are linked but also to learn whether the models
general, the CCSM3 and CNRM-CM3 models underestimateagree with the satellite-based findings on such relationships.
SW/{ surf While the UKMO-HadGEM1 model overestimates We applied CCA to the three principal component subsets of
SW/ surf With respect to the UMD/SRB data. The bias be- each field, namely, S\)&yf and SST. Figures 4a to e show

tween SW, gt from AMIP Il in relation to UMD/SRB will the spatial configuration of the leading canonical correlation
be explained in the next section in the context of the differentpattern (CCP) for the satellite estimates (UMD/SRB), those
connections between SST and $¥\+. corresponding to the models (CCSM3, UKMO-HadGEM1

The panels of Fig. 3 show the correlations between theand CNRN-CM3) and for SST. The SST map corresponds
anomalies of SWsyr from models and UMD/SRB. The spa- to the CCA between UMD/SRB and SST. In these figures
tial correlation patterns indicate higher correlation coeffi- zones are characterized where $y; and SST are intercor-
cients (in %) near the central equatorial Pacific. The fieldrelated or dynamically linked. The connected regions corre-
significance of correlation maps is given by the percentage ofpond approximately to the area of EIifdi 3.4 (170 W to
grid points where the correlations have local significance atl20® W, 5° S to 5 N) in the case of SST data (Fig. 4e, here-
the 95% level. The CNRM-CM3 model accounts for 55% of after SST(3.4)) and to the area of the EFiNi4 (160 E to
the grid area with significant correlation, while the CCSM3 150 W, 5° S to 5 N) for the SW| syt data (Figs. 44, b, c,
and UKMO-HadGEM1 models give significant correlation d, hereafter SWsyri(4)). These figures indicate that a nega-
for 49% and 48% of the grid area, respectively. However,tive (positive) SW, syt over the central Pacific is correlated
the UKMO-HadGEM1 model gives the highest correlation to warming (cooling) over the eastern Pacific. This mode

values in the central equatorial Pacific when compared to thé@f SW{ syt and SST variability represents the ENSO event.
other two models. Therefore, the atmospheric component of ENSO can be char-

acterized by SWsurf, in addition to other atmospheric circu-
lation considerations. Figures 4f to i show the correspond-
ing Canonical Correlation Coefficients (CCC). The Opposite
association can be seen between the time series that repre-
sents SWgyf variability in relation to the one that repre-
sents SST variability. The correlation coefficients between
the leading Canonical modes of SST and &Yy are—0.86,
—0.87,—0.83 and—0.79 for UMD/SRB, CCSM3, UKMO-
HadGEM1 and CNRM-CM3, respectively. The signals of

4 Assessment of model variability

In this section, we compare the variability of S\ from
the UMD/SRB and AMIP Il models with the SST variability.
The association between S\ in the central Pacific and
SST in the eastern Pacific was previously reported ohiby
and Gautier(1990, Liu et al. (1994, Waliser et al.(1994.

Ann. Geophys., 26, 78594, 2008 www.ann-geophys.net/26/785/2008/
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the 1997/1998 and 1991/1992 ENSOs are stronger in the (2) CCSM3 vs UMD/SRB

component of the S\t (blue line) than in the component

of the SST (red line). The CCC contain significant oscil- % 10 16° ]

lations between the 3.5- and 7-year periods as revealed by” " e e : o 7

power spectra of these time series (not shown). The correla-=ey 50 -

tion coefficients did not improve when lagging the time se- __ }1,9520°?%0 220840 .

ries, probably because the adjustment betweer §Myand gj \ o 0
20s

SST anomalies is shorter than one month, which is the time
interval used in this study.
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Figures 5a to e illustrate anomalies or departures from the (h) UKMO-HadGEM1 vs UMD/SRB

mean in the Hovrdller representation for SST and S\
corresponding to UMD/SRB and the three AMIP 1l mod-
els. The shaded contours show the time-longitude evolution’
for the equatorial Pacific (35 to 5 N). To the right of each
Hovmbller figure, the time series evolution averaged over the 45
above referenced boxes is represented. As expected, the pos-
itive (negative) phase of SST in the eastern Pacfic is related to"";:
negative (positive) SWsyrf anomalies in the central Pacific.
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tions between SST and SMW.. The correlation and re-
gression coefficients between the anomalies of| g}y and
SST time series corresponding to the boxes (designated bfi9- 3- Correlation patterns between S\t from AMIP Il mod-
UMD/SRB(4), CCSM3(4), UKMO-HadGEM1(4), CNRM- éls versus UMD/SRB estimates in (%(p) CCSM3; (b) UKMO-
CM3(4) and SST(3.4)) are depicted in Table 2. The correla- 2dGEMLI(C) CNRM-CMS.
tion coefficients measure the significance of the association
between the changes in S\, from simulations and the
UMD/SRB model, with SST. The linear regressing between
SW/ surf and SST quantify the response. These results (Ta:
ble 2) indicate a negative response of s to an increase
in SST. The magnitude of SW,+attenuation (in W m? per
degree) or “the shading effect” is greater for CNRM-CM3(4)
and lower for CCSM3(4), while UMD/SRB(4) and UKMO-
HadGEMZ1(4) give a similar response to SST. The correlated areas of S\ and SST are not co-
The SWisuf AMIP Il bias relative to the UMD/SRB located because SWtis strongly impacted by clouds, and
data is investigated considering the different links betweerthus convection. Convection occurs when the SST exceeds a
SW/ sy and SST. For example, UKMO-HadGEML1 offers certain thresholdGraham and Barnetif987). As the trop-
the best agreement with UMD/SRB based on the correlaical Pacific is climatologically warmer in the western and
tion coefficient (0.82) and its standard deviation has a valuecolder in the eastern basin, deep convection occurs to the
close to the UMD/SRB (Table 3). This model provides a re- West of the SST anomaly where SST-threshold for deep con-
sponse to SST similar to the one of UMD/SRB (Table 2). vection is more easily metLarson and Hartman(2003
The CNRM-CM3 model has the lowest correlation with the €xplained the negative feedback between SST and sa\V
UMDI/SRB (0.74); it has the largest standard deviation andin the tropics as result of the increase in the high cloud area
gives a higher response to SST than the response of thB0m SST warmingSun et al(2006 quantified the feedback
UMD/SRB to SST. We can observe in Fig. 2d that this model from the cloud albedo to SST and obtained that many mod-
underestimated S\\.r. The correlation coefficient between els have a weaker negative feedback than the real atmosphere
CCSM3 and UMD/SRB is 0.77 (Table 3), it has a lower stan- and the errors may be due to the response of convection.
dard deviation than UMD/SRB and it shows the lowest re- The changes in SST and S\ are related to circu-
sponse to SST (Table 2), providing negative and positive biagation changes affecting cloud distribution. Table 2 gives
in relation to UMD/SRB (Fig. 2a). Although the analysis of the correlation and regression coefficients betweer] SW

the causes of the discrepancies among the models is beyond
the scope of this paper, they could be related to different spa-
tial resolutions. For example, the UKMO-HadGEM1 has
the finest resolution (Table 1) and the best agreement with
UMD/SRB.

www.ann-geophys.net/26/785/2008/ Ann. Geophys., 26, 7852008
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Fig. 4. Canonical correlation patterns in (%) by regressing the canonical correlation coefficients (CCC) wjth,Stiéta for: (a)
UMD/SRB; (b) CCSM3; (¢) UKMO-HadGEMZ; (d) CNRM-CM3; and(e) SST. The SST pattern corresponds to the analysis between
UMD/SRB and SST. The boxes stand out for the connected areas. Canonical correlation coefficien{ggf ®We line) and SST (red
line) for: (f) UMD/SRB; (g) CCSM3;(h) UKMO-HadGEM1,; (i) CNRM-CM3.

and ASLP. The higher correlation coefficients correspondsquare fit to time. The slight tendency of increase is not
to the UMD/SRB and UKMO-HadGEML1 results. The re- significant according to Kendall's Z test (0.09). Consider-
sponses or regression coefficients of S\ to ASLP are  ing the link between SWsy and SST over the connected
positive; these results indicate that $W; increases with  areas, a decrease for the $¥\; was expected. However,
the strengthening of the Walker circulatioklgrrison and the UMD/SRB(4) shows a tendency of increase at about
Larkin, 1999. The regression coefficient is greater in the 0.52 W n? per year (Table 3). This finding is consistent with
case of CNRM-CM3 than for the other models. the study ofPinker et al(2005, who reported an overall in-

H -1
The analysis of the changes in the tropical Pacific in-¢r¢35€ N SWsurf atarateialf 0.161WmZy( globally av-
dices, such as SST(3.4A\SLP and SWey(4) are of in- eraged and 0.179 WTﬁ yr— over the tropical belt of ZIB_
terest because they have effects on many components of t8 20 N for the period 1983 to 2001. The UMD/SRB(4) in-

climate system. Figure 6e shows the SST(3.4) time Seriegreasing trend is significant according to the non-parametric

anomalies with respect to the results of this time series IeastKenda" Z test (Z=2.25). For the same period, CCSM3(4),

Ann. Geophys., 26, 78594, 2008 www.ann-geophys.net/26/785/2008/
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Fig. 5. Time-longitude plot (Hovriller representation) of the departures of the mean ov&t 5 N for: (a) SST € C), and SW gy for
the following (b) UMD/SRB; (c) CCSM3;(d) UKMO-HadGEM1,;(e) CNRM-CM3 in Wm 2, The figures to the right of each Hotter
plot present time series of respective parameters averaged oveidBMi region for SST and over EIfb 4 region for SWgyrt.

UKMO-HadGEM1(4) and CNRM-CM1(4) do not pass the 5 Conclusions

test for significance in trend. These results are presented in

Table 3 and in Figs. 6a to d, which show the $§\: anoma- » . )

lies and the corresponding time series least-square fit to time! N€ ability of models that participated in the AMIP II ex-
For the period July 1983 to June 2000 thELP gives apos- Periments under the Program for Climate Model Diagno-
itive trend of about 3 Pa per year with a significance of 1.9, SIS and Intercomparison (PCMDI) to simulate downwelling

according to Kendall's Z test. This result is in agreementsurface shortwave radiation has been examined by compar-
with the positive link between S\\yrand ASLP. ison with data from UMD/SRB satellites estimates over the

The association between S\ and SST is well cap- equatorial Pacific. The best agreement between the various
tured by the AMIP Il models, though they do not simulate shortwave fluxes is found to be in the central equatorial Pa-
the increasing trend that is present in the UMD/SRB(4) dataCific, while considerable bias was found over some areas of

Therefore, it is necessary to investigate longer time series t§€ tropical Pacific. The various radiative fluxes were an-
shed light on the models’ deficiencies. alyzed in conjunction with the sea surface temperatures by

means of Canonical Correlation Analysis to learn about their
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Fig. 6. Time series of SWgyrf anomalies corresponding to EIM 4 region for: (a) UMD/SRB; (b) CCSM3; (¢) UKMO-HadGEM1;
(d) CNRM-CM3 in wWm2Z; (e) time series of SST anomalies corresponding to Eid\B.4 region irf C; (f) time series ofASLP or the
difference in sea level pressure over (180 to 80° W, 5° S to 5 N) and over (80E to 160 E, 5° S to 5 N). The straight lines represents
the trend of the anomalies.
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