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ABSTRACT

Historical variations in the equator-to-pole surface temperature gradient (EPG) and the ocean-land surface
temperature contrast (OLC) based on spatial finite differencing of gridded historical sea surface and land air
temperatures are analyzed. The two temperature gradients represent zonally symmetric and asymmetric thermal
forcings of the atmosphere. The strength and position of the Hadley cell and of the westerlies is related to the
EPG, while the strength of the eddies coupled to the mid/high-latitude quasigeostrophic flow is related to the
OLC. Taking these two parameters as simple yet highly meaningful diagnostics of the low-frequency variability
of the atmosphere and climate system, the authors revisit a number of timely issues in the area of diagnostic
climate studies. Of particular interest are seasonality and its variations and evidence of warming expected from
greenhouse gas increases. Investigations of possible effects of CO,-induced greenhouse warming are pursued
by comparing the trends in EPG and OLC estimated from the observations and by using the Geophysical Fluid
Dynamics Laboratory (GFDL) general circulation model (GCM) results for control and transient-increased Cco,
simulations. Significant differences are noted between the trends in EPG and OLC for observational data and
the increased CO, GCM scenario. However, the dynamical response of both EPG and OLC during subperiods
with warming and cooling is consistent with that exhibited by the GEDL GCM. In this sense, the “‘fingerprint”
of anthropogenic forcing of the climate is not clearly evident in these basic diagnostics of large-scale climate

variability.

1. Introduction

Much of the recent global warming debate has fo-
cused on an analysis of surface temperatures 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 a dy-
namical understanding of how the climate system may
have changed over time. Two large-scale temperature
gradients of particular interest are the (a) equator-to-
pole temperature gradient (EPG) and (b) ocean-land
temperature contrast (OLC). Changes in these temper-
ature gradients have implications for meridional and
zonal atmospheric circulation.

A latitudinally (i.e., zonally) symmetric equator-to-
pole temperature gradient is important since (a) it is an
important governor of poleward energy flux, the mean

Corresponding author address: Prof. Upmanu Lall, Utah Water
Research Laboratory, Dept. of Civil and Environmental Engineering,
Utah State University, Logan, UT 84322-8200.

E-mail: ulall@cc.usu.edu

© 1999 American Meteorological Society

potential energy [the main energy source for the cir-
culation of the atmosphere (e.g., van Loon 1979; Peix-
oto and Qort 1992, 142, hereafter PO)], and the total
eddy transport of sensible heat in winter; (b) it is a
measure of baroclinicity, which determines the evolu-
tion of weather systems (PO, 142); (¢) it is a surrogate
for the strength of the extratropical height-averaged zon-
al flow through a thermal wind balance (PO, 156); and
(d) it may strongly influence the position and strength
of the tropical Hadley cell and the subtropical and sub-
polar high and low pressure belts, respectively, and
hence the meridional water vapor transport. The EPG
varies vertically and is steepest at the surface. However,
the surface EPG corresponds to near-surface baroclin-
icity and correlates well with the strength of the upper-

atmospheric zonal flow. Stone and Yao (1990) param-

eterize atmospheric poleward water vapor transport as
proportional to EPG** using a formula similar to that
used for atmospheric sensible heat transport. Such trans-
ports are consequently very sensitive to the EPG. Lind-
zen (1994) argues that paleoclimate changes were as-
sociated with nearly unchanged equatorial temperatures
and dramatic changes in the equator-to-pole (meridio-
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nal) gradient and that the mean planetary temperature
change may be best viewed as a residual arising from
a change in the equator-to-pole temperature distribution.
Tang and Weaver (1995) consider an interesting inter-
play between global temperature increase, a correspond-
ing decrease in EPG, an atmospheric moisture flux 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 moisture transport and the thermohaline
circulation can change dramatically under climate
warming. Connections between trends in regional winter
temperatures and the circulation on the scale of long
waves are demonstrated by van Loon and Williams
(1976). In the context of our research, these works high-
light the need to look at the trends in both the EPG and
the average temperature as surrogates for sensible and
latent heat transport to describe the state of the system.

The zonally asymmetric temperature gradient (OLC),
which is linked to the longitudinal heating contrast be-
tween the ocean and the land, is important since (a) it
is a measure of the principal thermal heterogeneity as-
sociated with an otherwise symmetrical circulation im-
pafted by solar radiative forcing and the earth’s rotation;
(b) it is a determinant of the strength of the eddies
coupled to the large-scale zonal flow (Lorenz 1984
Roebber 1995); (c) it plays a role in the amplification
of eddies at the expense of the midlatitude zonal flow;
and, hence, (d) it may be a measure of eddy water vapor
transport and sensible heat fluxes (Stone and Yao 1990).
Northern Hemisphere warming during the past century,
for example, is associated with a high-latitude ocean-
land temperature contrast pattern related to warming and
subsequent cooling of the North Atlantic (e.g., Kushnir
1994; Mann and Park 1994, 1996b), which may have a
dynamical source unrelated to radiative forcing (Del-
worth 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 the meridional temperature gradient
(and its latitudinal variation), the latitude and strength
of the heating center, and the strength of the eddies
(related to the OLC). The seasonal variation in these
factors translates into a variation in the strength, size,
and location of the main meridional circulation cell—
the tropical Hadley cell—and admittedly less statisti-
cally robust midlatitude and subpolar “Ferrel” cells,
which arise from the the zonally averaged contribution
of surface divergence in subtropical and subpolar high
pressure belts and surface convergence in the region of
the polar front. The interaction between the Hadley and
Ferrel cells is considered as a possible conduit for in-
teraction between subtropical and polar circulation, and
may provide a mechanism for the chaotic generation of
interannual and longer timescale variability throughout
the climate system (e.g., Lorenz 1990). Consequently,
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an analysis of the variations in the EPG and OLC pro-
vide a simple, idealized framework for the interpretation
of low-frequency climate variability and, through their
impact on circulation and moisture fluxes, provide the
location and severity of extended droughts and floods.
While the importance of these two interacting temper-
ature gradients in determining circulation patterns has
been recognized for some time [for instance, their use
as key parameters in the highly simplified atmospheric
circulation models of Lorenz (1984, 1990), Roebber
(1995), Saltzman et al. (1989), and Wiin-Nielsen
(1992)], there have been limited investigations of low-
frequency variability in these diagnostic variables. Jain
(1998) illustrates that modest changes in the mean EPG
can lead to significant changes in the duration and char-
acter of seasons associated with the mean zonal flow
and the superposed eddies represented in a low-order
baroclinic model of Lorenz (1984, 1990). Jain (1998)
also shows how the persistence and frequency of sum-
mer and winter atmospheric circulation regimes, their
predictability, and degree of potential synchronization
with tropical quasi-oscillatory phenomena are all sen-
sitive to the EPG and OLC variation.

A goal of this paper is to provide a better understand-
ing 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) regard-
ing the role of such gradients in modulating the tropical
and midlatitude circulation at paleoclimatic timescales
are arguably relevant to climatic changes in the last
century as well. A question of interest is whether ob-
served trends in the surface temperature gradients are
consistent with expectations of greenhouse gas warm-
ing. The general climatology of the temperature gra-
dients and their variation with latitude are studied. In-
terannual variability and the long-term trends in the EPG
and OLC are also examined. These trends are compared
to those expected from the Geophysical Fluid Dynamics
Laboratory (GFDL) general circulation model (GCM)
under a transient climate change scenario with CO, in-
creasing at 1% yr~' over a 100-yr period. To address
questions of seasonality, observed changes in the am-
plitude and phase of the annual cycle in EPG and OLC
are compared with the model’s enhanced greenhouse
scenario. A limited investigation of the latitudinal struc-
ture of the gradients follows.

2. Data

Three surface air temperature datasets (one obser-
vational and two from the GFDL GCM) are used in this
study.

a. Northern Hemisphere temperature record

We use the gridded monthly time series of Northern
Hemisphere (NH) surface temperatures prepared by the
East Anglia group (see Jones et al. 1986; Jones and
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FIG. 1. Map showing the sampling grid of NH temperature data for the Jones-Briffa dataset used in the analysis. The GFDL sampling

grid used was selected to conform closely to this grid

Briffa 1992; Jones 1994), keeping only the subsample
from 1898 to 1989 of grid points with nearly continuous
monthly data as used by Mann and Park (1996a,b). A
base period seasonal climatology was constructed dur-
ing the 195079 period based on the average sea level
temperatures for all of the contributing stations within
a 5° X 5° grid box (P. Jones 1997, personal commu-
nication). For land air temperature grid points, this re-
quires that all stations be reduced to sea level before
the calculations. There is some potential bias introduced
due to the standard lapse rate assumption. However,
spatial patterns of seasonality appear to be quite con-
tinuous and smooth at the larger-than-gridpoint scales
(Mann and Park 1996a). The NH temperature data grid
points are shown in Fig. 1. The monthly data for the
period 1898-1989 is on a 5° X 5° grid. The latitudinal
coverage ranges from 15° to 75°N 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 (>70°N) is minimal. Therefore, our analysis
is based on the data in the 15°~70°N latitudinal range.
The analysis for the temperature and its gradients is
expected to be somewhat biased due to the variable data
coverage over land and ocean in a latitudinal zone. Some
bias is also expected due to urbanization. Jones et al.
(1989) have estimated that the overall effect of urban-
ization on temperature did not exceed 0.1°C over the
past 100 years.

b. GFDL GCM data

GFDL GCM response to changing climate has been
studied to gauge the possible effects of CO,-induced
global warming (Manabe et al. 1991). Two simulations
are available: one is a control run with CO, fixed, and
the other is a transient run with equivalent CO, initial-
ized at the 1958 amount and increased approximately
1% each year thereafter. Currently, the total CO,-equiv-
alent radiative forcing due to various greenhouse gases
other than water vapor is approximately 1% yr—! (Man-
abe et al. 1991). Both runs are 100 yr long, with monthly
data resolution. The grid resolution is 48 X 40 on a
Gaussian grid. We have used model data in the 15°—
70°N latitudinal zones, corresponding to the observa-

tional data record and its spatial coverage to enable
proper comparisons. Mann and Park (1996a) note, how-
ever, that the most significant changes in seasonality in
response to increased CO, take place at polar latitudes.
The sensitivity in the latitudinal range studied here
might thus be expected to be smaller than in the ex-
cluded higher-latitude regions.

¢. Derivation of EPG and OLC

The EPG and OLC time series are derived from the
raw observed and model temperature data. The follow-
ing datasets were developed: (a) monthly and annual
zonal EPG, (b) monthly and annual zonal OLC, (c)
monthly and annual hemispheric EPG, (d) monthly and
annual hemispheric OLC, (e) annual hemispheric land
and ocean temperature, and (f) annual hemispheric tem-
perature.

Hemispherically averaged EPG and OLC series are
used for the investigation of gross trends, while the
zonally averaged time series are used to understand lat-
itudinal structure of surface temperature gradients. The
monthly time series are used to understand the season-
ality of the fluxes and associated trends. The appendix
provides details of the OLC and EPG computations. The
zonal EPG time series is constructed using a weighted
centered difference approximation. The weights reflect
the areal extent of the various latitudinal zones. The
resulting EPG consequently provides a better measure
of the surface thermal energy gradient. Hemispheric
EPG is computed as the slope of weighted regression
between zonal temperature and latitude. Ocean-land
contrasts are computed by 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 air and
sea surface temperatures.

3. Major trends in the Northern Hemisphere
temperature record

The temperature record is examined from the stand-
point of (a) isolating the major trends and transitions,
(b) identifying periods of warming and cooling whose
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FIG. 2. The NH 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 yr. Three periods are identifiable: 1898-1940
(warming), 1941-75 (cooling), and 1976-89 (warming).

attributes can be discussed later 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 complicated
trends in OLC and EPG might be better understood.
The Northern Hemisphere temperature record has
been studied extensively during the past decade (e.g.,
IPCC 1995; Jones et al. 1986; Jones and Briffa 1992).
Land, ocean, and combined temperature series are
shown in Fig. 2. The average temperatures show an
overall increase in the present century. In the 1898-
1989 record, a linear trend (significant at the 99% level)
of 0.56°C (100 yr)~' is observed. Jones et al. (1986)
reported that although there is an overall trend toward
increase in the global temperature, the period between
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the late 1930s and mid-1970s shows relatively steady
conditions. Ghil and Vautard (1991) confirmed the flat-
tening of the secular trend during the 194075 period.
To be consistent with these studies, we identified three
periods representing warming and cooling during 1898
1989: 1898-1940 (warming), 1941-75 (cooling), and
1976-89 (warming). Decadal variations in hemispheric
temperatures are considered superimposed on top of
these long-term trends. From Fig. 2, this classification
appears appropriate for the land data. The combined
land and ocean data show a cooling between 1898 and
1910, warming during 1910-40, little change between
1940 and 1960, cooling 1960-76, and warming there-
after. According to the analyses of Jones and Briffa
(1992) the recent warming is largely an increase in win-
ter land temperatures while summer periods are rela-
tively unchanged. This can equivalently be viewed as
a decrease in the amplitude of the annual cycle (Thom-
son 1995: Mann and Park 1996a). The correlation be-
tween ocean and combined ocean—land temperatures for
1976-89 drops to 0.33, while the land and combined
temperature correlation increases to 0.97. The 1976-89
period has the weakest correlation (0.16) between land
and ocean temperatures. These correlations reflect a rap-
id land warming and a much slower ocean response over
the period.

The different timescales of evolution of land and
ocean temperatures lead to variations in the ocean-land
temperature contrast, which should translate into chang-
es in atmospheric circulation patterns. A variety of em-
pirical studies have isolated important interdecadal
changes in sea surface temperatures in the North At-
lantic (Kushnir 1994; Mann and Park 1994) and North
Pacific (e.g., Trenberth and Hurrell 1994) and coupled
variations in sea surface temperature and atmospheric
circulation 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) and Atlantic (Delworth
et al. 1993). In both cases, significant perturbations in
atmospheric circulation were noted. Wallace and Ren-
wick (1995) find that nearly half the variance of monthly
mean Northern Hemisphere (NH) temperature anoma-
lies is linearly related to the amplitude of a cold ocean—
warm land pattern north of 40°N, during warm periods.
They argue that these patterns and the associated tem-
perature trends have a dynamical origin and are unlikely
to be the consequence of greenhouse gas—induced
warming. Thus, substantial changes in OLC likely arise
from dynamical changes in the climate that are unrelated
to greenhouse warming. Other changes may relate to El
Nifio—Southern Oscillation (ENSO) and/or a greenhouse
warming fingerprint (see, e.g., Trenberth and Hoar
1996). The roughly 50-70-yr timescale variability iden-
tified by Delworth et al. (1993) presumably impacts on
the features we detect in the coupled ocean—atmosphere
GFDL simulation.
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FIG. 3. The annual cycle of NH EPG for the Jones record and for
the control and forced GCM runs.

4. General climatology of Northern Hemisphere
EPG and OLC

The seasonal cycle of EPG and OLC is based on an
average for each calendar month over the length of the
data. The average climatology of the EPG and OLC
exhibits a pronounced annual cycle (Figs. 3 and 4). The
EPG is strongest during the winter months, since this
is the period of maximum heating contrast between
equator and pole. EPG weakens during the summers
when the importance of mean meridional circulation for
heat fluxes and kinetic energy is much smaller than
during the winter (Palmén and Newton 1969).

The negative sign of the EPG values signifies the
decrease in temperature with increasing latitude. The
estimates from the observational record are qualitatively
consistent with those reported in PO. However, the win-
ter EPG values reported by PO are over 1°C (5° lat)~!
higher than those obtained here. It is likely that some
of these differences arise from the methodology (our
finite differences are based on somewhat coarsely grid-
ded data, so that gradients are likely to be smoothed
out) while other differences relate to the variability of
the climatology (our statistics are based on nearly a

Ocean-land contrast (degrees C)
6 4 -2 0 2 4 6 8 1012 14

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Maonth

F1G. 4. The annual cycle of NH OLC for the Jones record and for
the control and forced GCM runs.
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TaBLE 1. Seasonal and annual NH equator-to-pole gradients [in °C
(5° lat) ).

Summer Winter

Annual (JIA) (DJF)

NH gridded data —3.06 =190 —3.90
GFDL GCM forced —-2.74 —1.64 —3.59
GFDL GCM control —-2.87 =17 -3.77

century of data, while those of PO are based on a 30-
yr climatology). The summer EPG distribution is in
close agreement with the PO values.

A comparison between the seasonal cycle of EPG (see
Table 1) for GFDL control and forced simulations shows
a slight weakening of gradients under greenhouse warm-
ing and a reduction in the amplitude of the annual cycle
of EPG. GFDL GCM control and forced EPG seasonal
amplitudes are lower in magnitude than for the observed
series, with weaker winter and summer gradients. The
average annual EPG for the GFDL control simulation
is slightly smaller than that for the observational record.
The GCM simulations can consequently be expected to
have weaker westerlies in the winter and a lower prob-
ability of organized zonal flows in the summer. Also,
the annual cycle of monthly temperatures shows a
broader range of temperatures for the GFDL model; the
mean annual temperature for GFDL model is 10°C com-
pared to the observed value of ~15°C for the range of
latitudes considered here. It should be noted that flux
corrections (see Manabe et al. 1991) have a strong in-
fluence on the model’s seasonal cycle and may preclude
meaningful quantitative comparisons between model
and observed trends in seasonality.

The observed average annual OLC value is 0.32°C.
OLC is a negative in the summer, as the average land
temperatures exceed those over the oceans and vice ver-
sa during the winter (see Table 2). The minimum and
maximum values for the OLC are —6° and 7.9°C, re-
spectively. The GCM OLC values are very different
from those in the observations. The average annual OLC
is nearly 3.5°C higher for the control simulation and
nearly. 5°C higher in the winter. The eddy fluxes and
other disturbances are consequently likely to be much
more important in the GCM than in the climate system.
GFDL GCM forced simulations exhibit a decrease in
OLC during winters and an increase in the summer.
However, these changes are small compared to the dif-

TABLE 2. Seasonal and annual NH ocean-land contrast (in °C).

Summer Winter

Annual (1JA) (DJF)

NH gridded data 0.32 —5.54 6.51
GFDL GCM forced 3.26 —4.41 10.92
GFDL GCM control 3.85 —3.80 11.42

Note: The values for the transient CO,-increased simulation are
based on the time averages over the 60th- to 80th-yr period of the
integration, to reflect the CO, doubling scenario.
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Fic. 5. Latitudinal profile of EPG corresponding to the seasonal extremes (Jan and Jul). The box plots show the variability in the EPG
values across the years in the record. The extent of boxes corresponds to the 25th and 75th percentiles. The 50th percentile is shown by a
line inside the box. The whiskers are extended to cover the 5th and 95th percentiles.

ference between the GCM and the observed values. A
decrease in the winter OLC due to warming could cor-
respond to a relatively larger increase in land temper-
atures than ocean temperatures. The warming between
1976 and 1989 showed such a pattern, in part for the
reasons provided earlier.

The latitudinal structure of EPG exhibits seasonal var-
iation (Fig. 5). The EPG increases northward, peaking
in the 40°~45°N zone. In January, the gradients weaken
toward the higher (>45°N) latitudes. The weakening in
the EPG is related to the increased land fraction in these
latitudes where landmasses are covered with snow and
so meridional gradients diminish. Also, the oceanic
component of meridional energy transport is negligible
in these latitudes (Vonder Haar and Oort 1973). In July,
the EPG declines between 40° and 60°N and then in-
creases toward the poles, reflecting the heat flux toward
the polar ice boundary. The annual EPG pattern is a
combination of the winter and summer patterns. The
summer EPG behavior appears to be dominated by the
heat flux from the Tropics, which are nearly at a constant
temperature, while the winter EPG behavior reflects a

polar influence. The variability in EPG is greatest in
high latitudes in the winter and least in the Tropics. In
winter, the 35°-45°N EPG is negatively correlated
(monthly correlation ranging between —0.4 and —0.8)
with the 55°-65°N EPG. All other correlations outside
a 10°N latitude band around each latitude are small. In
summer, the 25°-35°N EPG is negatively correlated
(monthly correlation ranging between —0.4 and —0.6)
with the midlatitude 45°-55°N. Once again, all other
correlations outside a 10° latitude band are small. The
seasonal differences may reflect the movement of the
Hadley cell over the year and the associated energy
fluxes.

Seasonal variations in the NH OLC by latitude are
shown in Fig. 6. A poleward increase in OLC is ob-
served in January. The almost linear increase in the OLC
is caused by the relatively larger decrease in the land
temperatures in the higher latitudes. The July OLCs are
dominated by warmer temperatures over land. OLC at-
tains a minima at the 47.5°N zone. This occurs due to
the change in the distribution of radiative forcing and
the increase in the land fraction as a function of latitude.
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Fic. 6. Latitudinal profile of OLC corresponding to the seasonal extremes (Jan and Jul). The box plots show the variability in the EPG
values across the years in the record. The extent of boxes corresponds to the 25th and 75th percentiles. The 50th percentile is shown as a
line inside the box. The whiskers are extended to cover the Sth and 95th percentiles.

The variability in the OLC is least in the subtropics and
maximum around 60°N. A higher-incident solar radia-
tion in summer causes pronounced convective activity
and vertical heat fluxes, prcdominantly over land. In the
summer, a higher variability in the high-latitude OLC
can be attributed to the significant changes in atmo-
spheric circulation resulting from changes in the extent
of snow cover in these latitudes and the weakening of
the jet stream and polar fronts.

5. Trends in EPG and OLC

In this section, long-term trends in the surface tem-
perature gradients are examined. Of particular interest
are the time periods in which the temperature and as-
sociated gradient show consistent trends. We also com-
pare the trends in the observed data with the results
from the GFDL GCM simulations.

The January and July NH EPG and OLC time series
for the GFDL, GCM forced runs are shown in Fig. 7.
The forced GCM run exhibits a monotonic increase in
temperature over the record, a monotonic decrease in

OLC, and a monotonic decrease in the magnitude of
EPG. The EPG weakens in the winter months while the
summer gradients exhibit no clear trends with the CO,-
induced warming. The OLC trend is a homogenous de-
crease across the seasons corresponding to an apparent
differential increase in the land temperatures.

The monthly time series for NH EPG and OLC were
examined for significant trends during the full record
and the three periods of warming and cooling (1898-—
1940, 1941-75, and 1976-89). Over the full period of
record (1898-1989), there is no evidence of a monotonic
trend in the historical EPG or OLC, while the Northern
Hemisphere temperature series shows a monotonic in-
crease. There is a small, statistically significant trend
for a strengthening of the summer EPG (Table 3). This
pattern is contrary to expectations from the CO,-forced
GCM run. The EPG time series show significant trends
in the first two periods. During these periods, the ocean—
land contrast time series shows no significant trend.
However, during the 1976-89 period, no trend was de-
tected in the EPG series, but the OLC shows a significant
overall trend.
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year
forced runs. (2) EPG for January, (b) EPG for July, (c) OLC

for January, and (d) OLC for July. The standardized anomalies were computed using the mean and standard deviation for the full record

for the target variable for the month in question.

The NH EPG and NH temperature anomalies are
shown in Fig. 8. The warming in the 1898-1940 period
corresponds to a weakening of EPG, consistent with
expectations from the forced GCM run. The period be-
tween 1941 and 1975 was marked by a leveling off and
a subsequent decrease in the NH combined land and
ocean temperatures (ocean temperatures increase), with
an associated increase (more negative) in EPG. During
the 1976-89 period, the temperature increased, but no
clear evidence of an EPG trend can be detected. Thus
the analysis by subperiod suggests that the dynamics of
the system response is not consistent with the forced

CO, GCM response, except perhaps for the first period.
An analysis of seasonal EPG variations provides ad-
ditional insight.

From Fig. 9, one observes that there is pronounced
interdecadal variability in the summer and 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
oceanic and coupled ocean—atmosphere variability as to
any anthropogenic influences. There is no clear phase
correspondence (EPGs are anticorrelated up to 1925 and
correlated from 1970) between the winter and summer

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

Equator-to-pole gradient Uniform Ocean-land contrast Uniform
Period (trend) in °C (5° lat)~! yr™! monthly trends? (trend) in °C yr~! monthly trends?
1898-1940 Yes (+0.0019) Yes No —
1941-75 Yes (—0.0012) Yes No —
1976-89 No — Yes (—0.017) Yes
1898-89 Summer (—0.0004) No No —
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FiG. 8. Observed variations in the annual NH EPG and temperature
for the 1898-1989 record. The vertical bars show the year-by-year
variations in EPG, and the trend lines represent a smoothing of the
EPG and the temperature series using LOESS with a span of 9 yr.

series at these timescales. The summer trends for the
two warming periods (1898-1940 and 1976-89) are op-
posite, 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 GFDL GCM.

The standardized anomalies of the EPG for three
zones (20°-25°N, 40°-45°N, 60°-~65°N) are shown in
Fig. 10. During the 1898-1915 period, the EPG in the
20°-25°N zone increased and then weakened by 1920.
The EPG strengthened during 1920-40, then increased
rapidly until 1945, and has generally strengthened since.
The 40°-45°N EPG shows a pronounced decadal pattern
over the length of the record, with an increase in EPG
between 1935 and 1953, and a general weakening there-
after. The 60°—65°N latitudes show a rapid weakening
of the EPG during the first decade of this century. Sub-
sequently, the 60°—65°N trend is either flat or shows an
increase in EPG. These observations are contrary to
expectations regarding global warming, where equato-
rial temperatures stay nearly constant, higher latitudes
warm, and there is a general weakening of EPG at all
latitudes. The slow timescale of ocean circulations and
their interaction with the atmosphere may provide an
explanation for the rich variety in the observational gra-
dients response relative to the GFDL GCM.

OLC represents the dynamical variations in the quick
land response and the delayed (and persistent) ocean
response. In the 1900-20 period (see Fig. 11), the OLC
exhibited persistent negative anomalies (relatively
warmer land). Between 1920 and 1960 there was a gen-
eral increase in the OLC, corresponding to a warmer
ocean, while the temperature series also show an in-
creasing trend. The OLC has decreased monotonically
since 1970. One expects OLC to decrease under global
warming scenarios. This happens only after 1965. Sea-
sonal time series of the OLC (see Fig. 12) have similar
trends. The latitudinal variations in the OLC are related
to the ocean-land fraction in a latitude zone. From Fig.
13, one observes that the mid- and high latitudes show
a recent decrease in OLC consistent with the observa-
tions of global warming. As generally expected under
scenarios of warming, the low latitudes do not show
much evidence of trends in OLC but are marked by
pronounced interannual variability.
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FiG. 9. Smoothed standardized anomalies of summer [Jun-Aug]
and winter [Dec—Feb] EPG for the 1898-1989 record. The standard-
ized anomalies were computed using the mean and standard deviation
for the full record for the target variable for the season in question.
They were smoothed using LOESS with a span of 9 yr.

In summary, the last two decades exhibit trends in
temperature and OLC that can be seen as broadly con-
sistent with expectations from GCMs. This may suggest
that we have a signal of global warming. Such a con-
clusion needs to be tempered by the lack of evidence
of such a trend in the earlier period marked by a general
global warming, by the pronounced interdecadal and
interannual 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 earlier warming
period (1898-1940), they are not accompanied by a con-
firmatory decrease in OLC. More work needs to be done
in examining the response of high-resolution coupled
models to a realistic combination of external forcings.

6. Trends in seasonality

Recent research has shown some evidence (Thomson
1995: Mann and Park 1996a) of shifts in the seasonal
cycles of temperature in response to global warming
trends. The changes in the amplitude and phase of the
seasonal cycle are important for regional climate as-
sessment. Changes in the phase may result due to cen-
tury-scale natural variability of the climate system (e.g.,
Delworth et al. 1993; Kushnir 1994; Mann et al. 1994,
Schlesinger and Ramankutty 1994) and the precession
of equinoxes (Thomson 1995). Evidence has been pro-
vided for both greenhouse-related and solar-related in-
fluences on amplitude trends in the annual cycle (Thom-
son 1995; Mann and Park 1996a). We examine the
changes in the phase and amplitude of the annual cycle
of meridional temperature gradient and that of the
ocean-land contrast over the length of the record.

Mann and Park (1996a) found a decrease in the am-
plitude of the annual cycle of NH temperature that is
consistent with results from the forced GFDL GCM.
The trend in phase for the models, however, is opposite
to that observed and exhibits a delay, rather than an
advance, of the seasons. The magnitude and the signif-
icance of the trends in the forced GFDL simulation di-



APrIL 1999

Std. dev,

Std. dav.

JAIN ET AL.

= o4 20-25N

1960

1980

1800 1910 1920 1930 1840 1950 1870 1980
year
@ B0-65N
o
@ 1 1 -
¥
1900 1910 1920 1930 1940 1950 1960 1970 1980 1920
year

1095

Std. dev.

1200 1810 19820 1930 1840 1950 1960 1870 1980 1890

year

Fic. 10. Standardized anomalies for observed zonal annual EPG
(20°-25°N, 40°-45°N, 60°-65°N). The standardized anomalies were
computed using the mean and standard deviation for the full record
for the target variable. They were smoothed using LOESS with a
span of 9 yr.
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Fic. 11. Observed variations in the annual NH OLC and temperature for the 1898-1989 record.
The vertical bars show the year-by-year variations in OLC, and the trend lines represent a smoothing
of the OLC and the temperature series using LOESS with a span of 9 yr.
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FIG. 12. Smoothed standardized anomalies of standard deviation
of summer (JJA) and winter (DJF) OLC for the 1898-1989 record.
The standardized anomalies were computed using the mean and stan-
dard deviation for the full record for the target variable for the season
in question. They were smoothed using LOESS with a span of 9 yr.

minish if high- and low-latitude regions, poorly sampled
by the observational data, are excluded, but no latitude
band exhibits the phase advance found in the obser-
vations. The control GFDL simulation, like the obser-
vations, exhibits a marginally significant advance in
phase, perhaps associated with organized century-scale
variability.

The methodology used to analyze the temperature
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gradients is that of Mann and Park (1996a) and is based
on a multivariate generalization of multitaper complex
demodulation (see Thomson 1982; Park 1992). The sea-
sonal cycle of temperature gradients is approximated as
A(®P) cos[2mt + (1)), where ¢ is in years, and A(f) and
@(?) are the amplitude and phase associated with the
fundamental mode of seasonal variations, respectively.
A time frequency bandwidth product p = 2 and K = 3
Slepian tapers with a 10-yr moving window to estimate
A(#) and ¢(f) using complex demodulation. Linear trends
are fit to the A(f) and ¢(f) estimated from the frequency
domain analysis (see Fig. 14). We test for statistically
significant trends of phase corresponding to an advance
or delay of seasons against a null hypothesis for no
trend. The temperature data show a switch in the trends
around 1940. Hence we have estimated the phase and
amplitude trends for the 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 significant advance of about 4
days over 100 yr in the seasonal cycle of EPG, with an
attendant decrease in amplitude of about 0.13°C. A sta-
tistically significant delay in phase and increase of am-

Std. dev.
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FiG. 13. Standardized anomalies for observed zonal annual OLC
(20°-25°N, 40°-45°N, 60°-65°N). The standardized anomalies were
computed using the mean and standard deviation for the full record
for the target variable. They were smoothed using LOESS with a
span of 9 yr.
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Fig. 14. Trends in the (a) amplitude and (b) phase of the annual cycle of the NH EPG. The amplitude and phase were computed using a
moving window of 10 yr centered on the target year. Trend lines for the pre- and post-1940 periods are also shown in each case. The
interdecadal variations are markedly stronger than the underlying longer-period trends.

plitude in OLC’s annual cycle is also observed. How-
ever, even the control GFDL run shows a statistically
significant increase in amplitude of OLC over the 100-
yr run, suggesting the effect of either model drift or
enhanced century-scale variability.

The EPG for the 1898-1989 record does not show a
significant trend in either the phase or the amplitude of
the annual cycle (see Fig. 14). Indeed, the sign of the
changes is opposite to those expected from the forced
GCM run. The 1900-1940 warming subperiod shows a
statistically significant advance in the phase of the EPG
cycle of about 5 days (100 yr)~! but shows no trend in
the amplitude. The 1941-83 period has a statistically
significant delay in phase of about 4 days (100 yr)~'.
A closer look at Fig. 14 suggests an oscillatory behavior
in the phase and amplitude for NH EPG. This decadal
variation in phase is rather interesting. Such a behavior

TaBLE 4. Fitted linear trends and the significance levels for the
amplitude and phase of the annual cycles of NH EPG and OLC.

Ad(%) p value AA p value

NH EPG

Overall 0.29 0.57 0.01 0.57

1900-40 -2.19 0.01 0.02 0.17

1941-83 1.63 0.01 -0.02 0.24
NH OLC

Overall 1.25 0.00 0.00 0.92

1900-40 —-0.01 0.98 0.05 0.33

1941-83 0.01 0.56 —0.06 0.24
GEDL GCM 1% increase in CO, (100-yr duration)

EPG —4.26 0.00 -0.13 0.00

LOC 0.90 0.01 0.12 0.03
GFDL GCM controlled CO,

EPG —0.09 0.83 0.00 0.92

LocC 0.18 0.66 0.24 0.00

Note: Adh and AA are the total change in the phase and amplitude,
respectively, over the specified period of time; the p value reported
is for the significance level for a t test for the slope of a linear trend.

may be associated with slowly varying forcing provided
by the oceans. Since the NH temperature is generally
decreasing over this period, the responses over the two
periods are dynamically consistent with those expected
from 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 yr)~'] for the full record. No other
trends are significant. This trend is determined largely
by anomalous events in the last decade.

In summary, there is evidence of persistent interde-
cadal- or centennial-scale fluctuations in the phase but
not the amplitude of the annual cycle in the temperature
gradients for the pre- and post-1940 periods. Little ev-
idence exists for secular trends in the phase and am-
plitude of the annual cycle of these gradients that match
those indicated by the GFDL GCM. The changes in
phase are only of the order of a few days per hundred
years and would appear to be due at least in part to
natural variability at interdecadal-to-century timescales.

7. Summary

This paper was motivated by the observation that the
equator-to-pole temperature gradient and the ocean—land
temperature contrast of surface temperature may be use-
ful measures of potential energy, moisture fluxes, and
the strength and nature of the larger-scale circulation.
Consequently, analyses of trends in these variables may
complement interpretations of global change from anal-
yses of temperature records. Indeed, these measures may
be rather useful for fingerprinting global change as ob-
served by Lindzen (1994). By the same token, they are
useful diagnostics for GCMs.

An empirical investigation into the climatological be-
havior of and trends in the Northern Hemisphere me-
ridional temperature gradient and ocean-land contrast
was conducted based on nearly 100 yr of gridded surface
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temperature data. The following key observations are
made from this analysis.

1) Historical trends in the mean, decadal, and inter-
decadal variability, and seasonality of EPG and OLC
seem to result from decadal-to-century-scale internal
climate processes. The mechanisms may be related
to modes of oceanic or coupled ocean—atmosphere
variability that have been detected in observational
data and isolated in recent coupled model simulation
studies. A formal investigation of these issues using
coupled ocean—atmosphere models will be of inter-
est. Given the disparity in the characteristic time-
scales for ocean and landmasses, it may be useful to
extend the analysis of meridional gradients varia-
tions on land and oceans separately. Likewise, a sep-
arate analysis of the OLC 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, and are especially
large for the OLC. These biases probably result, at
least in part, from seasonally specific gridpoint flux
corrections imposed during model integrations.

3) The trends in mean NH temperatures, EPG, and OLC
and the seasonality of these variables over the last
century are not consistent with those projected for
greenhouse warming by the GFDL coupled ocean—
atmosphere enhanced CO, simulation. However, the
dynamical response of the EPG and the OLC to pe-
riods of hemispheric warming and cooling is some-
what similar to what is observed in both control and
enhanced greenhouse scenario simulations. In this
sense, the characteristics of the dynamical relation-
ship between variations in EPG and OLC is consis-
tent between model and observation. Furthermore, a
clear “fingerprint”” of anthropogenic warming is not
evident in these diagnostics based on the model-
observational comparison. This lack of agreement
probably arises from the significant impact of low-
frequency natural variability, model flux corrections,
and sampling limitations in the observational data.
Model-data intercomparisons based on newer-gen-
eration coupled models may help to clarify the sourc-
es of these discrepancies.

Acknowledgments. The work presented here was sup-
ported in part by the National Science Foundation under
Grant EAR-9720134. We would like to thank an anon-
ymous reviewer for his/her constructive comments that
led to a substantial improvement in the quality of this
paper.

APPENDIX
Derivation of EPG and OLC Time Series

The EPG and OLC time series are derived from the
surface air temperature data. Monthly temperature is
represented as T,
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where (- ) 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, and £ is a calendar month index and r = 1, ...,
12; w, represents a normalized weight associated with
the latitudinal zone, such that

40 cos(¢,) ‘ (A2)

i cos(¢;)

where ¢, is the latitude.

a. Monthly and annual zonal EPG

The monthly zonal EPGs are computed using a
weighted centered difference approximation about the
latitude of interest. The average zonal temperature may
be somewhat biased due to lack of coverage in some
latitudes:

i wi Tr,r'

Wy, T w,

Wi Trin

i

W'Tn g W:‘—lTra—-l
EPRG; = . '
W‘- it w;'—l
(A3)
where the annual average zonal EPG is computed as the
average of monthly zonal EPGs:

1 12
EPG, = — 2, EPG,.

The EPG thus obtained is expressed in °C (5° lat)~".

(A4)

b. Monthly and annual zonal OLC

The monthly and annual zonal ocean-land contrast is
computed by taking the difference between the average
ocean and land temperature in a latitudinal zone. Month-
ly zonal OLC is

OLCH = Tg ] T!e’ (AS)

where the superscripts O and 1 represent ocean and land,
respectively.
Annual zonal OLC is

1 12
OLC, = — 0, OLC,.

& (A6)

c. Monthly and annual hemispheric EPG

The monthly average hemispheric EPG is obtained
by solving the weighted least squares regression prob-
lem for the slope of the zonal temperature (7) with
respect to latitude (¢). Hence,
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The annual NH EPG value is computed by averaging
the monthly values.

d. Monthly and annual hemispheric OLC

The monthly hemispheric OLC is computed from the
weighted average of the zonal OLCs,

1 12
OLC, = - > OLE,. (A10)
) =1
The annual series is computed as an average of the
monthly NH OLC values,

1 12
NHOLC = — >, NHOLC,.

All
52 (A1D)

e. Annual hemispheric land and ocean temperature

The annual hemispheric land and ocean temperatures
are computed by computing a weighted average across
the respective average monthly zonal values.

f. Annual hemispheric temperature

The annual hemispheric temperature is computed
from the zonal average temperature time series. A
weighted average across the zonal time series yields the
representative hemispheric temperature,
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