SEASONALITY AND INTERANNUAL VARIATIONS OF NORTHERNHEMISPHERE TEMPERATURE: EQUATOR-TO-POLE GRADIENT AND OCEAN-LAND CONTRASTShaleen Jain and Upmanu LallUtah Water Research Laboratory and Department of Civil and EnvironmentalEngineering, Utah State University, Logan UT 84322-8200Michael E. Mann Department of Geosciences, University of Massachusetts, Amherst MA 010031

ABSTRACTWe analyze historical variations in the the equator-to-pole surface temperature gradient (EPG) andthe ocean-land surface temperature contrast (OLC) based on spatial finite differencing of griddedhistorical sea surface and land air temperatures. The two temperature gradients represent zonallysymmetric and asymmetric thermal forcings of the atmosphere. The strength and position of theHadley Cell and of the westerlies is related to the EPG, while the strength of the eddies coupled tothe mid/high latitude quasi-geostrophic flow is related to the LOC. Taking these two parameters assimple yet highly meaningful diagnostics of the low-frequency variability of the atmosphere andclimate system, we revisit a number of timely issues in the area of diagnostic climate studies. Ofparticular interest are seasonality and its variations and evidence of warming expected fromgreenhouse gas increases. Investigations of possible effects of CO2 induced greenhouse warmingare pursued by comparing the trends in EPG and OLC estimated from the observations and usingthe GFDL General Circulation Model (GCM) results for control and transient increased CO2simulations. Significant differences are noted between the trends in EPG and OLC forobservational data and increased CO2 GCM scenario. However, the dynamical response of bothparameters during subperiods with warming and cooling is consistent with that exhibited by theGFDL GCM. In this sense, the "fingerprint" of anthropogenic forcing of the climate is not clearlyevident in these basic diagnostics of large-scale climate variability.2

1. INTRODUCTIONMuch of the recent global warming debate has focused on an analysis of surfacetemperatures that exhibit an overall warming trend during this century (IPCC 1995; Jones et al.1986). However, an analysis of surface temperature gradients may be more germane to adynamical understanding of how the climate system may have changed over time. Two large scaletemperature gradients of particular interest are the (a) equator-to-pole temperature gradient (EPG),and (b) ocean-land temperature contrast (OLC). Changes in these temperature gradients haveimplications for meridional and zonal atmospheric circulation. A latitudinally (i.e., zonally) symmetric equator-to-pole temperature gradient is importantsince (a) it is an important governor of poleward energy flux, the mean potential energy (the mainenergy source for the circulation of the atmosphere (e.g., van Loon 1979; Peixoto and Oort 1992,p. 142, hereafter P&O) and the total eddy transport of sensible heat in winter; (b) it is a measure ofbaroclinicity which determines the evolution of weather systems (P&O, p. 142); (c) it is asurrogate for the strength of the extratropical height-averaged zonal flow through a thermal windbalance (P&O, p. 156); and (d) it may strongly influence the position and strength of the tropicalHadley Cell and the subtropical and subpolar high and low pressure belts respectively and hencethe meridional water vapor transport. The EPG varies vertically and is steepest at the surface.However, the surface EPG correspond to near-surface baroclinicity, and correlates well with thestrength of the upper atmospheric zonal flow. Stone and Yao (1990) parametrize atmosphericpoleward water vapor transport as proportional to EPG3.5 using a formula similar to that used foratmospheric sensible heat transport. Such transports are consequently very sensitive to the EPG.Lindzen (1994) argues that paleoclimate changes were associated with nearly unchanged equatorialtemperatures and dramatic changes in the equator-to-pole (meridional) gradient, and that the mean3 planetary temperature change may be best viewed as a residual arising from a change in theequator-to-pole temperature distribution. Tang and Weaver (1995) consider an interesting interplaybetween global temperature increase, a corresponding decrease in EPG, an atmospheric moistureflux that reflects a trade-off between decreasing sensible heat and increasing latent heat transport,and the thermohaline circulation. Their work shows that oscillatory dynamics of poleward moisturetransport and the thermohaline circulation can change dramatically under climate warming.Connections between trends in regional winter temperatures and the circulation on the scale of longwaves are demonstrated by van Loon and Williams (1976). In the context of our research, theseworks highlight the need to look at the trends in both the EPG and the average temperature assurrogates for sensible and latent heat transport to describe the state of the system. The zonally asymmetric temperature gradient (OLC), which is linked to the longitudinalheating contrast between the ocean and the land is important since (a) it is a measure of theprincipal thermal heterogeneity associated with an otherwise symmetrical circulation imparted bysolar radiative forcing and the earth’s rotation; (b) it is a determinant of the strength of the eddiescoupled to the large scale zonal flow (Lorenz 1984; Roebber 1995); (c) it plays a role in theamplification of eddies at the expense of the mid-latitude zonal flow, and hence, (d) it may be ameasure of eddy water vapor transport and sensible heat fluxes (Stone and Yao 1990). NorthernHemisphere warming during the past century, for example, is associated with a high latitudeocean-land temperature contrast pattern related to warming and subsequent cooling of the NorthAtlantic (e.g., Kushnir 1994; Mann and Park 1994;1996b) which may have a dynamical sourceunrelated to radiative forcing (Delworth et al. 1993; Wallace and Renwick 1995; Wallace et al.1996).The structure, strength, and location of key features of the hemispheric circulation (e.g.,the Hadley cell) are, in the simplified paradigm we adopt, determined by an interaction between the4 meridional temperature gradient (and its latitudinal variation), the latitude and strength of theheating center, and the strength of the eddies (related to the OLC). The seasonal variation in thesefactors translates into a variation in the strength, size, and location of the main meridionalcirculation cell - the tropical Hadley Cell - and admittedly less statistically robust mid-latitude andsub-polar "Ferrel" cells which arise from the the zonally-averaged contribution of surfacedivergence in subtropical and subpolar high pressure belts and surface convergence in the region ofthe polar front. The interaction between the Hadley and Ferrel Cells is considered as a possibleconduit for interaction between subtropical and polar circulation, and may provide a mechanism forthe chaotic generation of interannual and longer timescale variability throughout the climate system(e.g., Lorenz 1990). Consequently, an analysis of the variations in the EPG and OLC provide asimple, idealized framework for the interpretation of low-frequency climate variability, and throughtheir impact on circulation and moisture fluxes, the location and severity of extended droughts andfloods. While the importance of these two interacting temperature gradients in determiningcirculation patterns has been recognized for some time (for instance, their use as key parameters inthe highly simplified atmospheric circulation models of Lorenz 1984, 1990, Roebber 1995,Saltzman et al. 1989, and Wiin-Neilsen 1992), there have been limited investigations of low-frequency variability in these diagnostic variables. Jain (1997) illustrates that modest changes in themean EPG can lead to significant changes in the duration and character of seasons associated withthe mean zonal flow and the superposed eddies represented in a low-order baroclinic model ofLorenz (1984, 1990). Jain (1997) also shows how the persistence and frequency of summer andwinter atmospheric circulation regimes, their predictability, and degree of potential synchronizationwith tropical quasi-oscillatory phenomena are all sensitive to the EPG and OLC variation. A goal of this paper is to provide a better understanding of the latitudinal structure,seasonality and trends in the EPG and OLC over this century. The issues raised in Lindzen (1994)and Lindzen and Pan (1994) regarding the role of such gradients in modulating the tropical and5 mid-latitude circulation at paleoclimatic time scales are arguably relevant to climatic changes in thelast century as well. A question of interest is whether observed trends in the surface temperaturegradients are consistent with expectations of greenhouse gas warming. The general climatology ofthe temperature gradients and their variation with latitude are studied. Interannual variability and thelong term trends in the EPG and OLC are also examined. These trends are compared to thoseexpected from the GFDL GCM under a transient climate change scenario with CO2 increasing at1% per year over a 100 year period. To address questions of seasonality, observed changes in theamplitude and phase of the annual in EPG and OLC are compared with the model’s enhancedgreenhouse scenario. A limited investigation of the latitudinal structure of the gradients follows. 2. DATAThree surface air temperature data sets (one observational and two from the GFDL GCM)are used in this study:2.1 Northern Hemisphere Temperature RecordWe use the gridded monthly time series of Northern Hemisphere surface temperatures prepared bythe East Anglia group (see Jones et al. 1986; Jones and Briffa 1992; Jones 1994), keeping only thesubsample from 1898-1989 of grid points with nearly continuous monthly data as used by Mannand Park (1996a, b). As in Mann and Park (1996a) the grid point reference period climatology hasbeen restored, effectively "reseasonalizing" the anomaly data. xxx Mike do we need furtherelaboration of this process here xxx. The northern hemisphere temperature data grid points areshown in Fig.1. The monthly data for the period 1898-1989 is on a 5ox5o grid. The latitudinalcoverage ranges from 15oN to 75oN resulting in 12 latitude zones. Data for several grid points(e.g., East Asia and Pacific) are missing. Also, the data coverage for high latitudes (> 70oN) isminimal. Therefore, our analysis is based on the data in the 15oN to 70oN latitudinal range. The6 analysis for the temperature and its gradients is expected to be somewhat biased due to the variabledata coverage over land and ocean in a latitudinal zone. Some bias is also expected due tourbanization. Jones et al. (1989) have estimated that the overall effect of urbanization ontemperature did not exceed 0.1oC over the past 100 years.2.2 GFDL GCM Data GFDL GCM response to changing climate has been studied to gage the possible effects ofCO2 induced global warming (Manabe et al. 1991). Two simulations are available: one is a controlrun with CO2 fixed, and the other is a transient run with equivalent CO2 initialized at the 1958amount and increased approximately 1% each year thereafter. Currently, the total CO2 - equivalentradiative forcing due to various greenhouse gases other than water vapor is approximately 1%/year(Manabe et al. 1991). Both runs are 100 years long, with monthly data resolution. The gridresolution is 48x40 on a Gaussian grid. We have used model data in the 15oN to 70oN latitudinalzones, corresponding to the observational data record and its spatial coverage to enable propercomparisons. Mann and Park (1996a) note, however, that the most significant changes inseasonality in response to increased CO2 take place at polar latitudes. The sensitivity in thelatitudinal range studied here might thus be expected to be smaller than in the excluded higherlatitude regions.2.3 Derivation of EPG and OLC The EPG and OLC time series are derived from the raw observed and model temperaturedata. The following data sets were developed: (1) Monthly and Annual Zonal EPG, (2) Monthlyand Annual Zonal OLC, (3) Monthly and Annual Hemispheric EPG, (4) Monthly and AnnualHemispheric OLC, (5) Annual Hemispheric Land and Ocean Temperature, and (6) Annual7

Hemispheric Temperature.Hemispherically averaged EPG and OLC series are used for the investigation of grosstrends, while the zonally averaged time series are used to understand latitudinal structure of surfacetemperature gradients. The monthly time series are used to understand the seasonality of the fluxesand associated trends. The Appendix provides details of the OLC and EPG computations. Thezonal EPG time series is constructed using a weighted centered difference approximation. Theweights reflect the areal extent of the various latitudinal zones. The resulting EPG consequentlyprovides a better measure of the surface thermal energy gradient. Hemispheric EPG is computed asthe slope of weighted regression between zonal temperature and latitude. The weights areproportional to the areal extent of corresponding latitude zones. Ocean-land contrasts are computedby taking the difference between the average land and ocean temperatures in a particular zone.Hemispheric OLC is computed as the difference between the average northern hemisphere land airand sea surface temperatures.3. MAJOR TRENDS IN THE NORTHERN HEMISPHERE TEMPERATURERECORDThe temperature record is examined from the standpoint of (a) isolating the major trendsand transitions, (b) identifying periods of warming and cooling whose attributes can be discussedlater in a dynamical context, and (c) examining the difference in the response of land and oceans.We summarize previous findings in this regard to create a context in which the more complicatedtrends in OLC and EPG might be better understood.The northern hemisphere temperature record has been studied extensively during the pastdecade (e.g., IPCC 1995; Jones et al. 1986; Jones and Briffa 1992). Land, ocean and combined8 temperature series are shown in Fig. 2. The average temperatures show an overall increase in thepresent century. In the 1898-1989 record, a linear trend (significant at the 99% level) of0.56oC/100 years is observed. Jones et al. (1986) reported that although there is overall trendtowards increase in the global temperature, the period between late 1930s and mid 1970s showsrelatively steady conditions. Ghil and Vautard (1991) confirmed the flattening of the secular trendduring 1940-1975 period. To be consistent with these studies, we identified three periodsrepresenting warming and cooling during 1898-1989: 1898-1940 (warming), 1941-1975(cooling), and 1976-1989 (warming). Decadal variations in hemispheric temperatures areconsidered superimposed on top of these long term trends. From Fig. 2, this classification appearsappropriate for the land data. The combined land and ocean data show a cooling between 1898-1910, warming during 1910-1940, little change between 1940-1960, cooling 1960-1976, andwarming thereafter. According to the analyses of Jones and Briffa (1992) the recent warming islargely an increase in winter land temperatures while summer periods are relatively unchanged.This can equivalently be viewed as a decrease in the amplitude of the annual cycle (Thomson 1995;Mann and Park 1996a). The correlation between ocean and combined ocean/land temperatures for1976-1989 drops to 0.33, while the land and combined temperature correlation increases to 0.97.The 1976-1989 period has the weakest correlation (0.16) between land and ocean temperatures.These correlations reflect a rapid land warming and a much slower ocean response over the period.The different time scales of evolution of land and ocean temperatures lead to variations inthe ocean-land temperature contrast which should translate into changes in atmospheric circulationpatterns. A variety of empirical studies have isolated important interdecadal changes in sea surfacetemperatures in the North Atlantic (Kushnir 1994; Mann and Park 1994) and North Pacific (e.g.,Trenberth and Hurrell 1994) and coupled variations in sea-surface temperature and atmosphericcirculation at those timescales (e.g., Trenberth 1990; Mann and Park 1996b). Coupled ocean-atmosphere modeling studies have produced similar signals in the Pacific (Latif and Barnett 1994)9 and Atlantic (Delworth et al, 1993). In both cases, significant perturbations in atmosphericcirculation were noted. Wallace and Renwick (1995) find that nearly half the variance of monthlymean NH temperature anomalies is linearly related to the amplitude of a cold ocean-warm landpattern north of 40ßN, during warm periods. They argue that these patterns and the associatedtemperature trends have a dynamical origin and are unlikely to be the consequence of greenhousegas induced warming. Thus, substantial changes in OLC likely arise from dynamical changes inthe climate that are unrelated to greenhouse warming. Other changes may relate to El Ni�oSouthern Oscillation (ENSO) and/or a greenhouse warming fingerprint (see e.g., Trenberth andHoar 1995). The roughly 50-70 year timescale variability identified by Delworth et al (1993)presumably impacts on the features we detect in the coupled ocean-atmosphere GFDL simulation.4. GENERAL CLIMATOLOGY OF NORTHERN HEMISPHERE EPG AND OLCThe seasonal cycle of EPG and OLC is based on an average for each calendar month overthe length of the data. The average climatology of the EPG and OLC exhibits a pronounced annualcycle (Figs. 3 and 4). The EPG is strongest during the winter months, since this is the period ofmaximum heating contrast between equator and pole. EPG weakens during the summers when theimportance of mean meridional circulation for heat fluxes and kinetic energy is much smaller thanduring the winter (Palmen and Newton 1969).

Table 1. Seasonal and Annual NH Equator-to-Pole Gradients (in oC/5o latitude)

Annual

Summer (JJA)

Winter (DJF)

NH gridded data

-3.06

-1.99

-3.90

GFDL GCM forced

-2.74

-1.64

-3.59

GFDL GCM control

-2.87

-1.71

-3.7710

Table 2. Seasonal and Annual NH Ocean-Land Contrast (in oC)

Annual

Summer (JJA)

Winter (DJF)

NH gridded data

0.32-5.54

6.51GFDL GCM forced

3.26-4.41

10.92

GFDL GCM control

3.85-3.80

11.42Note: The values for the transient CO2 increase simulation are based on the time averages over the60th to 80th year period of the integration; to reflect the CO2 doubling scenario.The negative sign of the EPG values signifies the decrease in temperature with increasinglatitude. The estimates from the observational record are qualitatively consistent with those reportedin P&O (1992). However, the winter EPG values reported by P&O are over 1o C/5o latitudehigher than those obtained here. It is likely that some of these differences arise from themethodology (our finite differences are based on somewhat coarsely gridded data, so that gradientsare likely to be smoothed out) while other differences relate to the variability of the climatology(our statistics are based on nearly a century of data, while those of P&O are based on a 30 yearclimatology). The summer EPG distribution is in close agreement with the P&O values.A comparison between the seasonal cycle of EPG (see Table 1) for GFDL control andforced simulations shows a slight weakening of gradients under greenhouse warming and areduction in the amplitude of the annual cycle of EPG. GFDL GCM control and forced EPGseasonal amplitudes are higher than for the observed series, with stronger winter and weakersummer gradients. The average annual EPG for the GFDL control simulation is slightly greaterthan that for the observational record. The GCM simulations can consequently be expected to havestronger westerlies in the winter and a lower probability of organized zonal flows in the summer.Also, the annual cycle of monthly temperatures shows a broader range of temperatures for the11

GFDL model; the mean annual temperature for GFDL model is 10oC compared to the observedvalue of ~15oC for the range of latitudes considered here. It should be noted that flux corrections(see Manabe et al 1991) have a strong influence on the model’s seasonal cycle, and may precludemeaningful quantitative comparisons between model and observed trends in seasonality. The observed average annual OLC value is 0.32oC. OLC is a negative in the summer, asthe average land temperatures exceed those over the oceans and vice versa during the winter (seeTable 2). The minimum and maximum values for the OLC are -6oC and 7.9oC respectively. TheGCM OLC values are very different from those in the observations. The average annual OLC isnearly 3.5oC higher for the control simulation and nearly 5oC higher in the winter. The eddy fluxesand other disturbances are consequently likely to be much more important in the GCM than in theclimate system. GFDL GCM forced simulations exhibit a decrease in OLC during winters and anincrease in the summer. However, these changes are small compared to the difference between theGCM and the observed values. A decrease in the winter OLC due to warming could correspond toa relatively larger increase in land temperatures than the ocean temperatures. The warming between1976-1989 showed such a pattern, in part for the reasons provided earlier.The latitudinal structure of EPG exhibits seasonal variation (Fig. 5). The EPG increasesnorthwards peaking in the 40o-45oN zone. In January, the gradients weaken towards the higher (>45oN) latitudes. The weakening in the EPG is related to the increased land fraction in theselatitudes where land masses are covered with snow and so meridional gradients diminish. Also, theoceanic component of meridional energy transport is negligible in these latitudes (von der Haar andOort 1973). In July, the EPG declines between 40o to 60o N and then increases dramaticallytowards the poles, reflecting the heat flux towards the polar ice boundary. The annual EPG patternis a combination of the winter and summer patterns. The summer EPG behavior appears to bedominated by the heat flux from the tropics, which are nearly at a constant temperature, while the12 winter EPG behavior reflects a polar influence. The variability in EPG is greatest in high latitudesin the winter and least in the tropics. In winter, the 35o- 45o N EPG is negatively correlated(monthly correlation ranging between -0.4 to -0.8) with the 55o- 65oN EPG. All other correlationsoutside a 10oN latitude band around each latitude are small. In summer, the 25o- 35oN EPG isnegatively correlated (monthly correlation ranging between -0.4 to -0.6) with the mid-latitude 45o-55o N. Once again, all other correlations outside a 10o latitude band are small. The seasonaldifferences may reflect the movement of the Hadley Cell over the year and the associated energyfluxes.Seasonal variations in the NH OLC by latitude are shown in Fig. 6. A poleward increase inOLC is observed in January. The almost linear increase in the OLC is caused by the relativelylarger decrease in the land temperatures in the higher latitudes. The July OLC’s are dominated bywarmer temperatures over land. OLC attains a minima at the 47.5oN zone. This occurs due to thechange in the distribution of radiative forcing and the increase in the land fraction as a function oflatitude. The variability in the OLC is least in the sub tropics and maximum around 60o N. Ahigher incident solar radiation in summer causes pronounced convective activity and vertical heatfluxes, predominantly over land. In the summer, a higher variability in the high latitude OLC canbe attributed to the significant changes in atmospheric circulation resulting from changes in theextent of snowcover in these latitudes and the weakening of the jet stream and polar fronts.5. TRENDS IN EPG AND OLCIn this section, long term trends in the surface temperature gradients are examined. Ofparticular interest are the time periods in which the temperature and associated gradient showconsistent trends. We also compare the trends in the observed data with the results from the GFDLGCM simulations.13

The January and July NH EPG and OLC trends for the GFDL GCM forced runs areshown in Fig. 7. The forced GCM run exhibits a monotonic increase in temperature over therecord, a monotonic decrease in OLC, and a monotonic decrease in the magnitude of EPG. TheEPG weakens in the winter months while the summer gradients exhibit no clear trends with theC O 2 induced warming. The OLC trend is a homogenous decrease across the seasonscorresponding to an apparent differential increase in the land temperatures.The monthly time series for NH EPG and OLC were examined for significant trends duringthe full record and the three periods of warming and cooling (1898-1940, 1941-1975, and 1976-1989).

Table 3 Tests for significance in trends using the seasonal Mann-Kendall statistic and trendscommon to all months estimated using Sen’s nonparametric slope estimator (Gilbert 1987).

Period

Equator-to-poleGradient (Trend)in oC/5o lat/yr

Uniformmonthly trends?

Ocean-land contrast(Trend) in oC/yr

1898-1940

Yes (+0.0019)

YesNo-1941-1975

Yes (-0.0012)

YesNo-1976-1989

No-Yes (-0.017)

Yes1898-1989

Summer(-0.0004)

NoNo-Over the full period of record (1898-1989), there is no evidence of a monotonic trend inEPG or OLC, while the Northern Hemisphere temperature series shows a monotonic increase.There is a small, statistically significant trend for a strengthening of the summer EPG. This patternis contrary to expectations from the CO2 forced GCM run. The EPG time series show significanttrends in the first two periods. During these periods, the ocean-land contrast time series show no14 significant trend. However, during the 1976-1989 period, no trend was detected in the EPG series,but the OLC shows a significant overall trend.The NH EPG and NH temperature anomalies are shown in Fig. 8. The warming in the1898- 1940 period corresponds to a weakening of EPG, consistent with expectations from theforced GCM run. The period between 1941-1975 was marked by a leveling off and a subsequentdecrease in the NH combined land and ocean temperatures (ocean temperatures increase), with anassociated increase (more negative) in EPG. During the 1976-1989 period, the temperatureincreased, but no clear evidence of an EPG trend can be detected. Thus, the analysis by sub-periodsuggests that the dynamics of the system response is not consistent with the forced CO2 GCMresponse, except perhaps for the first period. An analysis of seasonal EPG variations providesadditional insight.From Fig. 9, one observes that there is pronounced interdecadal variability in the summerand winter EPG, but no clear evidence of a monotonic trend. Variability at these interdecadal-to-century timescales is probably related as much to previously described modes of natural oceanicand coupled ocean-atmosphere variability as to any anthropogenic influences. There is no clearphase correspondence (EPGs are anti-correlated up to 1925 and correlated from 1970) between thewinter and summer series at these time scales. The summer trends for the two warming periods(1898-1940, and 1976-1989) are opposite, while the winter trends are of the same sign,suggesting that this is unlikely to be the fingerprint of global warming as depicted by the GFDLGCM.The standardized anomalies of the EPG for three zones (20 - 25oN, 40 - 45oN, 60 - 65oN)are shown in Fig. 10. During the 1898-1915 period, the EPG in the 20-25oN zone increased andthen weakened by 1920. The EPG strengthened during 1920-1940, then increased rapidly until15

1945 and has generally strengthened since. The 40-45oN EPG shows a pronounced decadalpattern over the length of the record, with an increase in EPG between 1935-1955, and a generalweakening thereafter. The 60-65oN latitudes show a rapid weakening of the EPG during the firstdecade of this century. Subsequently, the 60-65oN trend is either flat or shows an increase inEPG. These observations are contrary to expectations regarding global warming, where equatorialtemperatures stay nearly constant, higher latitudes warm, and there is a general weakening of EPGat all latitudes. The slow time scale of ocean circulations and their interaction with the atmospheremay provide an explanation for the rich variety in the observational gradients response relative tothe GFDL GCM.OLC represents the dynamical variations in the quick land response and the delayed (andpersistent) ocean response. In the 1900-1920 period (see Fig. 11), the OLC exhibited persistentnegative anomalies (relatively warmer land). Between 1920-1960, there was a general increase inthe OLC, corresponding to a warmer ocean, while the temperature series also show an increasingtrend. The OLC has decreased monotonically since 1970. One expects OLC to decrease underglobal warming scenarios. This happens only after 1965. Seasonal time series of the OLC (seeFig. 12) have similar trends. The latitudinal variations in the OLC are related to the ocean-landfraction in a latitude zone. From Fig. 13, one observes that the mid and high latitudes show arecent decrease in OLC consistent with the observations of global warming. As generally expectedunder scenarios of warming, the low latitudes do not show much evidence of trends in OLC, butare marked by pronounced interannual variability.In summary, the last two decades exhibit trends in temperature, and OLC that can be seenas broadly consistent with expectations from GCM’s. This may suggest that we have a signal ofglobal warming. Such a conclusion needs to be tempered by the lack of evidence of such trend inthe earlier period marked by a general global warming; the pronounced interdecadal and interannual16 variability in the variables examined, and by the lack of decrease in EPG over this period. Further,while the temperature and EPG trends are consistent with forced GCM expectations in the earlierwarming period (1898-1940), they are not accompanied by a confirmatory decrease in OLC. Morework needs to be done in examining the response of high resolution coupled models to a realisticcombination of external forcings.6. TRENDS IN SEASONALITYRecent research has shown some evidence (Thomson 1995; Mann and Park 1996a) ofshifts in the seasonal cycles of temperature in response to global warming trends. The changes inthe amplitude and phase of the seasonal cycle are important for regional climate assessment.Changes in the phase may result due to century scale natural variability of the climate system (e.g.,Delworth et al 1993; Kushnir 1994; Mann et al 1994; Schlesinger and Ramankutty 1994) and theprecession of equinoxes (Thomson 1995). Evidence has been provided for both greenhouse relatedand solar-related influence on amplitude trends in the annual cycle (Thomson 1995; Mann and Park1996a). We examine the changes in the phase and amplitude of the annual cycle of meridionaltemperature gradient and that of the ocean-land contrast over the length of the record.Mann and Park (1996a) found a decrease in the amplitude of the annual cycle of NHtemperature that is consistent with results from the forced GFDL GCM. The trend in phase for themodels, however, is opposite to that observed, and exhibits a delay, rather than an advance, of theseasons. The magnitude and the significance of the trends in the forced GFDL simulationdiminishes if high and low latitude regions, poorly sampled by the observational data, areexcluded, but no latitude band exhibits the phase advance found in the observations. The controlGFDL simulation, like the observations, exhibits a marginally significant advance in phase,perhaps associated with organized century scale variability.17

The methodology used to analyze the temperature gradients is that of Mann and Park(1996a) and is based on a multivariate generalization of multitaper complex demodulation (seeThomson 1982; Park 1992). The seasonal cycle of temperature gradients is approximated asA(t)cos(2pt + j(t)), where t is in years; and A(t) and j(t) are the amplitude and phase associatedwith the fundamental mode of seasonal variations respectively. A time frequency bandwidthproduct p = 2 and K = 3 Slepian tapers with a 10 year moving window to estimate A(t) and j(t)using complex demodulation. Linear trends are fit to the A(t) and j(t) estimated from the frequencydomain analysis (see Fig. 14). We test for statistically significant trends of phase corresponding toan advance or delay of seasons against a null hypothesis for no trend. The temperature data showsa switch in the trends around 1940. Hence, we have estimated the phase and amplitude trends forthe pre-1940 and post-1940 years separately. Results of these analyses are summarized in Table 4.From the analysis of the forced GFDL GCM data, we expect a statistically significantadvance of about 4 days over 100 years in the seasonal cycle of EPG, with an attendant decrease inamplitude of about 0.13ß C. A statistically significant delay in phase and increase of amplitude inOLC’s annual cycle is also observed. However, even the control GFDL run shows a statisticallysignificant increase in amplitude of OLC over the 100 year run, suggesting the effect of eithermodel drift or enhanced century-scale variability. Mann and Park (1996a) argue for an influence ofthe enhanced century-scale variability that has been isolated in longer integrations of the GFDLcoupled model (Delworth et al. 1993). Even if coupled models faithfully reproduce mechanisms oflow-frequency climate variability, they may not predict the specific phase regime of the trueclimate. Thus, significant low-frequency variability could inevitably mask any underlyingexternally (e.g., anthropogenic) forced response.18

Table 4. Fitted linear trends and the significance levels for the amplitude and phase of the annualcycles of NH EPG and OLC

Df (o) p-value

DAp-value

NH EPGOverall1900-19401941-1983

0.29-2.191.63

0.570.010.01

0.010.02-0.02

0.570.170.24

NH OLCOverall1900-19401941-1983

1.25-0.010.01

0.000.980.56

0.000.05-0.06

0.920.330.24

GFDL GCM 1%increase in CO2 (100year duration)EPGLOC

-4.260.90

0.000.01

-0.130.12

0.000.03

GFDL GCM controlledCO2EPGLOC

-0.090.18

0.830.66

0.000.24

0.920.00( Df and DA are the total change in the phase and amplitude respectively over the specified periodof time; the p-value reported is for the significance level for a t-test for the slope of a linear trend)The EPG for the 1898-1989 record does not show a significant trend in either the phase orthe amplitude of the annual cycle (see Fig. 14). Indeed, the sign of the changes is opposite to thoseexpected from the forced GCM run. The 1900-1940 warming sub-period shows a statisticallysignificant advance in the phase of the EPG cycle of about 5 days/100 years, but no trend in theamplitude. The 1941-1983 period has a statistically significant delay in phase of about 4 days/100years. A closer look at Fig. 14 suggests an oscillatory behavior in the phase and amplitude for NHEPG. This decadal variation in phase is rather interesting. Such a behavior may be associated withslowly varying forcing provided by the oceans. Since the NH temperature is generally decreasing19

over this period, the responses over the two periods are dynamically consistent with those expectedfrom the GCM. However, the overall trend is clearly not a GCM greenhouse warming signature.The OLC exhibits a statistically significant trend in phase (delay of about 3 days/100 years) for thefull record. No other trends are significant. This trend is determined largely by anomalous eventsin the last decade.In summary, there is evidence of persistent interdecadal or centennial scale fluctuations inthe phase but not the amplitude of the annual cycle in the temperature gradients. Little evidenceexists for secular trends in the phase and amplitude of the annual cycle of these gradients that matchthose indicated by the GFDL GCM. The changes in phase are only of the order of a few days perhundred years, and would appear to be due at least in part to natural variability at interdecadal-to-century timescales. It is not clear that such small trends are of any practical importance in aforecasting or policy-related context.7. SUMMARYThis paper was motivated by the observation that the equator-to-pole temperature gradientand the ocean-land temperature contrast of surface temperature may be useful measures of potentialenergy, moisture fluxes and the strength and nature of the large scale circulation. Consequently,analyses of trends in these variables may complement interpretations of global change fromanalyses of temperature records. Indeed, these measures may be rather useful for fingerprintingglobal change as observed by Lindzen (1994). By the same token, they are useful diagnostics forGCM’s. 20

An empirical investigation into the climatological behavior of and trends in the NorthernHemisphere meridional temperature gradient and ocean-land contrast was conducted based onnearly hundred years of gridded surface temperature data. The following key observations aremade from this analysis:(1) Trends in the mean, decadal and interdecadal variability, and seasonality of EPG and OLCseem to result from decadal-to-century scale internal climate processes. The mechanisms may berelated to modes of oceanic or coupled ocean-atmosphere variability that have been detected inobservational data and isolated in recent coupled model simulation studies. A formal investigationof these issues using coupled ocean-atmosphere models will be of interest. Given the disparity inthe characteristic time scales for ocean and land masses, it may be useful to extend the analysis ofmeridional gradients variations on land and oceans separately. Likewise an analysis of the OLCseparately for the Atlantic and the Pacific sectors may be insightful. (2) Consistent biases exist between observational and model estimates of the OLC and the EPG.These biases are manifested in the amplitude of the annual cycle, as well as the annual mean, andare especially large for the OLC. These biases probably result, at least in part, from seasonallyspecific gridpoint flux corrections imposed during model integrations.(3) The trends in mean northern hemisphere temperatures, EPG, and OLC and the seasonality ofthese variables over the last century are not consistent with those projected for greenhousewarming by the GFDL coupled ocean-atmosphere enhanced CO2 simulation. However, thedynamical response of the EPG and the OLC to periods of hemispheric warming and cooling issomewhat similar to what is observed in both control and enhanced greenhouse scenariosimulations. In this sense, the characteristics of the dynamical relationship between variations inEPG and OLC is consistent between model and observation. Furthermore, a clear "fingerprint" of21 anthropogenic warming is not evident in these diagnostics based on the model-observationalcomparison. This lack of agreement probably arises from the significant impact of low-frequencynatural variability, model flux corrections, and sampling limitations in the observational data.Model-data intercomparisons based on newer generation coupled models may help to clarify thesources of these discrepancies.22

8. REFERENCES Cleveland, W. S., and S. J. Devlin, 1988: Locally weighted regression: An approach to regressionanalysis by local fitting. J. Am. Statist. Assoc., 83, 596-610. Delworth, T., S. Manabe, and R.J. Stouffer, 1993: Interdecadal variations of the thermohaline circulation in a coupled ocean-atmosphere model, J. Climate, 6, 1993-2011.Ghil, M., and R. Vautard, 1991: Interdecadal oscillations and the warming trend in global temperature time series. Nature, 350, 324-327.Gilbert, R. O., 1987: Statistical methods for environmental pollution monitoring. Van Nostrand Reinhold Co., 320pp.IPCC (Intergovernmental Panel on Climate Change), 1995: Climate Change 1995: The science of climate change. Cambridge University Press, 572 pp.Jain, S., 1997: Low-frequency climate variability: Inferences from simple models. M.S. Thesis, Department of Civil and Environmental Engineering, Utah State University, 188 pp.Jones, P. D., T. M. L. Wigley, and P. B. Wright, 1986: Global temperature variations, 1861- 1984. Nature, 322, 430-434.Jones, P. D., P. M. Kelly, G. B. Goodess, and T. R. Karl, 1989: The effect of urban warming onthe Northern Hemisphere temperature average. J. Climate, 2, 285-290. 23

Jones, P.D., and K. R. Briffa, 1992: Global surface air temperature variations during the 20th century, 1. Spatial, temporal, and seasonal details. Holocene, 1, 165-179. Jones, P. D., 1994: Hemispheric surface temperature variations: A reanalysis and an update to 1993. J. Clim., 7, 1794-1802.Kushnir, Y., 1994: Interdecadal variations in North Atlantic sea surface temperature and associatedatmospheric conditions. J. Climate, 7, 141-157. Latif, M., and T.P. Barnett, 1994: Causes of decadal climate variability over the North Pacific and North America. Science, 266, 634-637Lindzen, R. S., 1994: Climate dynamics and global change. Annu. Rev. Fluid Mech., 26, 353- 378. Lindzen, R. S., and W. Pan, 1994: A note on orbital control of equator-pole fluxes. Clim. Dyn., 10, 49-57. Lorenz, E. N., 1984: Irregularity: A fundamental property of the atmosphere. Tellus, 36A, 98- 110. Lorenz, E. N., 1990: Can chaos and intransitivity lead to interannual variability? Tellus, 42A, 378-389. Manabe, S., R. J. Stouffer, M. J. Spelman, and K. Bryan, 1991: Transient response of a coupled 24 ocean-atmosphere model to gradual changes of atmospheric CO2 . Part I: Annual mean response. J. Climate, 4, 785-818. Mann, M.E., and J. Park, 1994: Global-scale modes of surface temperature variability on interannual to century timescales, J. Geophys. Res., 99, 25819-25833.Mann, M.E., and J. Park, 1996a: Greenhouse warming and changes in the seasonal cycle of temperature: Model versus observations, Geophys. Res. Lett., 23, 1111-1114. Mann, M.E., and J. Park, 1996b: Joint spatio-temporal modes of surface temperature and sea levelpressure variability in the Northern Hemisphere during the last century, J. Climate, 9, 2137-2162.Palmen, E., and C. W. Newton, 1969: Atmospheric Circulation Systems: Their Structure and Physical Interpretation. Academic Press, 603pp. Park, J., 1992: Envelope estimation for quasi-periodic geophysical signals in noise: A multitaper approach. Statistics in the Environmental and Earth Sciences, A. T. Walden and P. Guttorp, Eds., Halsted Press, 189-219. Peixoto, J.P., and A. H. Oort, 1992: Physics of Climate. American Institute of Physics, 520pp. Roebber, P. J., 1995: Climate variability in a low-order coupled atmosphere-ocean model. Tellus,47A, 473-494. Saltzman, B., C-M. Tung, and K. A. Maasch, 1989: Folded resonance and seasonal vacillation in 25 a thermally-forced baroclinic wave model. Atmosfera, 2, 131-154. Schlesinger, M. E., and N. Ramankutty, 1994: An oscillation in the global climate system of period 65-70 years. Nature, 367, 723-726. Stone, P.H., and M. S. Yao, 1990: Development of a two-dimensional zonally averaged statistical-dynamical model. Part III: The parametrization of eddy fluxes of heat and moisture. J. Climate, 3, 726-740. Tang, B., and A. J. Weaver, 1995: Climate stability as deduced from an idealized coupled atmosphere-ocean model. Clim. Dyn., 11, 141-150. Thomson, D. J., 1982: Spectrum estimation and harmonic analysis, Proc. IEEE, 70, 1055- 1096.Thomson, D. J., 1995: The seasons, global temperature, precession, and CO2. Science, 268, 59-68. Trenberth, K. E., 1990: Recent observed interdecadal climate changes in the Northern hemisphere.Bull. Am. Met. Soc., 71, 988-993. Trenberth, K.E., and J. Hurrell, 1994: Decadal atmosphere-ocean variations in the Pacific. Clim. Dyn., 9, 303-319.Trenberth, K.E., and T.J. Hoar, 1995: The 1990-1995 El Ni�o-Southern Oscillation event: Longest on record, Geophys. Res. Lett., 23, 57-60.26 van Loon, H., and J. Williams, 1976: The connection between trends of mean temperature and circulation at the surface: Part I. Winter. Mon. Wea. Rev., 104, 365-380.van Loon, H., 1979: The association between latitudinal temperature gradient and eddy transport. Part. 1: Transport of sensible heat in winter. Mon. Wea. Rev., 107, 525-534. vonder Haar, T. H., and A. H. Oort, 1973: New estimates of annual poleward energy transport byNorthern Hemisphere oceans. J. Phys. Oceanogr., 3, 169-172. Wallace, J. M., and J. A. Renwick, 1995: Dynamical contribution to hemispheric temperature trends. Science, 270, 780-783. Wallace, J. M., Y. Zhang, and L. Bajuk, 1996: Interpretation of interdecadal trends in Northern Hemisphere surface air temperature. J. Climate, 9, 249-259.Wiin-Nielsen, A., 1992: Comparisons of low-order atmospheric dynamic systems. Atmosfera, 5,135-155.27

APPENDIX Derivation of EPG and OLC time seriesThe EPG and OLC time series are derived from the surface air temperature data. Monthlytemperature is represented as

TitTit =

Tijtn�j=1nwhere,

(.) represents the zonal average;j = 1,..., n is the longitude index;i is the latitudinal zone index and i = 1,..., m, where m is the number of latitude zones.t is a calendar month index and t = 1,..., 12;wi represents a normalized weight associated with the latitudinal zone, such that, wi

= cos (fi)cos (fi)�i = 1m where, fi is the latitude.(1) Monthly and Annual Zonal EPGThe monthly zonal EPG�s are computed using a weighted centered differenceapproximation about the latitude of interest. The average zonal temperature may be somewhatbiased due to lack of coverage in some latitudes. EPGit

= 12 wi+1

Tt,i+1 - wi

Tt,iwi+1 + wi

+ wi

Tt,i - wi-1

Tt,i-1wi + wi-1xxx Shaleen please fix this equation to drop the 1/2. Also please number all these equations xxxwhere, the annual average zonal EPG is computed as the average of monthly zonal EPG�s. EPGi

= 112EPGit�t=11228

The EPG thus obtained is expressed in oC/5o latitude. (2) Monthly and Annual Zonal OLCThe monthly and annual zonal ocean-land contrast is computed by taking the difference betweenthe average ocean and land temperature in a latitudinal zone. Monthly zonal OLC:OLCit =

Tito -

Titlwhere, the superscripts o and l represent ocean and land respectively.Annual zonal OLC:OLCi

= 112OLCit�t=112 (3) Monthly and Annual Hemispheric EPGThe monthly average hemispheric EPG is obtained by solving the weighted least squaresregression problem for the slope of the zonal temperature

(T) with respect to latitude (f) . Hence,EPGt

= wi(fi - f ¢)(Tit -Tt ¢)�i = 1mwi(fi - f ¢) 2�i = 1min which f ¢ = wifi�i = 1mwi�i = 1mand29

Tt ¢ = wi

Tit�i = 1mwi�i = 1mThe annual NH EPG value is computed by averaging the monthly values.(4) Monthly and Annual Hemispheric OLCThe monthly hemispheric OLC is computed from the weighted average of the zonal OLC�s.OLCi

= 112OLCit�t=112 The annual series is computed as an average of the monthly NH OLC values.NHOLC

= 112NHOLCt�t=112(5) Annual Hemispheric Land and Ocean TemperatureThe annual hemispheric land and ocean temperatures are computed by computing aweighted average across the respective average monthly zonal values. (6) Annual Hemispheric TemperatureThe annual hemispheric temperature is computed from the zonal average temperature timeseries. A weighted average across the zonal time series yields the representative hemispherictemperature.30

Acknowledgements The work presented here was supported in part by the National Science Foundation underGrant number: xxx (Shaleen this is the latest grant on seasons- Tammy can give you the EARnumber, or Please remind me to Monday). We thank an anonymous reviewer for his constructivecomments that led to a substantial improvement in the quality of this paper.

Figure Captions

Figure 1. Map showing the sampling grid of Northern hemisphere temperature data for the Jones-Briffa data set used in the analysis. The GFDL sampling grid used was selected to conform closelyto this grid. xxx check whether Jones-Briffa is correct above xxx

Figure 2. The Northern Hemisphere Temperature Record estimated from the Jones (1994) data.The smooth line in each panel represents a trend estimated using locally weighted regression(LOESS, see Cleveland and Devlin 1988) with a span of ~9 years. Three periods are identifiable:1898-1940 (warming), 1941-1975 (cooling) and 1976-1989 (warming).

Figure 3. The annual cycle of N. Hemisphere EPG for the Jones record and for the control andforced GCM runs.

Figure 4. The annual cycle of N. Hemisphere OLC for the Jones record and for the control andforced GCM runs.

Figure 5. Latitudinal profile of EPG corresponding to the seasonal extremes (January and July).The box plots show the variability in the EPG values across the years in the record. The extent ofboxes corresponds to the 25th and 75th percentile. The 50th percentile is shown a line inside thebox. The whiskers are extended to cover the 5th and 95th percentile.

Figure 6. Latitudinal profile of OLC corresponding to the seasonal extremes (January and July).The box plots show the variability in the EPG values across the years in the record. The extent ofboxes corresponds to the 25th and 75th percentile. The 50th percentile is shown a line inside the31 box. The whiskers are extended to cover the 5th and 95th percentile.

Figure 7. N. Hemisphere EPG and OLC trends for the GFDL GCM forced runs. a. EPG forJanuary, b.EPG for July, c. OLC for January and d. OLC for July. The standardized anomalieswere computed using the mean and standard deviation for the full record for the target variable forthe month in question.

Figure 8. Observed variations in the annual N. Hemisphere EPG and temperature for the 1898-1989 record. The vertical bars show the year by year variations in EPG, and the trend linesrepresent a smooth of the EPG and the temperature series using LOESS with a span of xxx years.

Figure 9. Smoothed standardized anomalies of summer (JJA) and winter (DJF) EPG for the1898-1989 record. The standardized anomalies were computed using the mean and standarddeviation for the full record for the target variable for the season in question. They were smoothedusing LOESS with a span of xxx years.

Figure 10. Standardized anomalies for observed zonal, annual (xxx is this right - annual ?) EPG(20-25oN, 40-45oN, 60-65oN). The standardized anomalies were computed using the mean andstandard deviation for the full record for the target variable. They were smoothed using LOESSwith a span of xxx years.

Figure 11. Observed variations in the annual N. Hemisphere OLC and temperature for the 1898-1989 record. The vertical bars show the year by year variations in OLC, and the trend linesrepresent a smooth of the OLC and the temperature series using LOESS with a span of xxx years.

Figure 12. Smoothed standardized anomalies of of standard deviation of summer (JJA) and winter(DJF) OLC for the 1898-1989 record. The standardized anomalies were computed using the meanand standard deviation for the full record for the target variable for the season in question. Theywere smoothed using LOESS with a span of xxx years.

Figure 13. Standardized anomalies for observed zonal, annual OLC (20-25oN, 40-45oN, 60-65oN). The standardized anomalies were computed using the mean and standard deviation for thefull record for the target variable. They were smoothed using LOESS with a span of xxx years. 32

Figure 14. Trends in the (a) amplitude and (b) phase of the annual cycle of the NH EPG. Theamplitude and phase were computed using a moving window of 10 years centered on the targetyear. Trend lines for the pre- and post-1940 periods are also shown in each case. The interdecadalvariations are markedly stronger than the underlying longer period trends. 33