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ABSTRACT

The amplitude phase characteristics (APC) of surface air temperature (SAT) annual cycle (AC)
in the Northern Hemisphere are analyzed. From metevrological observations for the 20th century and
motcorological reanalyses for its second half, it is found that over land negative correlation of SAT AC
amptitude with annual mean SAT dominates. Nevertheless, some exceptions exist. The positive correlation
between these two variables is found over the two desert regions: in northern Africa and in Central America.
Areas of positive corrclations are also found for the northern Pacific and for the tropical Indian and Pacific
Oceans. Southward of the characteristic annual mean snow ice boundary (SIB) position, the shape of
the SAT AC becomes more sinusoidal under climate warming. In contrast, northward of it, this shape
hecomes less simusoidal. The latter is also found for the above-mentioned two desert regions. In the
Far East (southward of about 50°N), the SAT AC shifts as a whole: here its spring and autumn phases
ocenr earlier if the annual mean SAT increases. From energy -balance climate considerations, those trends
for SAT AC APC in the middle and high latitudes are associated with the influence of the albedo SAT
feedback due to the SIB movement. In the Far East the trends are attributed to the interannual cloudiness
variability, and in the desert regions, to the influence of a further desertification and/or scattering aerosol
loading into the atmosphere. In the north Pacific, the exhibited trends could only be explained as a
result of the influence of the greecnhouse-gases loading on atmospheric opacity. The trends for SAT AC
APC related to the SIB movement are simulated reasonably well by the climate model of intertnediate
complexity (1AP RAS CM) in the experiment with greenhonse gases atmospheric loading. In contrast,
the tendencies resulting from the cloudiness variability are not reproduced by this model. The model also

partly simmlates the tendencies related to the desertification processes.
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1. Introduction

Being the most prominent climatic oseillation, the
annual cycle (AC) of climate variables undergoes
change under a changing climate. It is well known that
the AC range (difference between summer and win-
ter values) of surface air temperature (SAT) T, over
land mostlly decreases under the currently observed
global warming (Budyke and lzrael, 1987; Houghton et
al., 1996; Mokhov and Eliseev, 1997; Houghton et al.,
2001). This tendency is well reproduced by the state-
of - the-art coupled general circulation models under
increased greenhouse gases (GHG) atmospheric con-
tent {c.g., Schlesinger and Mitchell, 1986).

On the other hand, this relationship can be
changed for different climate states. For instance, pa-

*E-mail: lesha@omega.ifaran.ru

leoreconstructions show that during the Late Pleis-
tocene period, the SAT AC range was larger than the
present day for both cold {glacials) and warm (e.g.,
the Holocene Optimum or the mid-Cretaceous Iuter-
glacial) epochs {Monin and Shishkov, 1979; Velichko,
1999; Valdes, 2000). The former case corresponds to
the negative correlation between SAT AC range and
annual mean SAT. In contrast, the latter case corre-
sponds to the positive correlation between them. For
the case of the Holocene Optimum, this positive cor-
relation is usually attributed to the larger (on about
5%) interseasonal range of the top—of-the atmosphere
insolation (Valdes, 2000; Houghton et al., 2001). But
even stronger relative increase of SAT AC range dur-
ing the same epoch {(about 10% (Valdes, 2000}), leads
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one to the hypothesis that additionally this can be
due to different climatic feedbacks, During glacials,
the climate was colder and drier than the present day
(Monin and Shishkov, 1979) with a larger snow ice
covered area. This implies a higher importance of
the SAT planetary albedo (PA) feedback due to the
movement of the snow-ice boundary (SIB) and dimin-
ished importance of the feedbacks associated with the
atmospheric hydrological ¢ycle. In contrast, during
interglacials the warmer and welter climate (Monin
and Shishkov, 1979) implics a higher importance for
the latter feedbacks, and diminished importance for
the former. All this illustrates how different feedbacks
may counteract the formation of the SAT AC and its
sensitivity for different climate states.

Additionally, prominent changes are found in SAT
AC phase characteristics (Thompson, 1995; Eliseev et
al., 2000) for instrumental temperature records. These
characteristics are also found to be dependent on both
external forcing {e.g., solar input into the climate sys-
tem or anthropogenic forcing) and climatic feedbacks.

Indices based on surface air temperature (includ-
ing its annual cycle) are used to diagnose other cli-
mate characteristics, e.g., permafrost cover (Nechaev,
1981; Anisimov and Nelson, 1996). This affords one
to support a direct analysis of such characteristics by
a respective analysis of SAT AC.

The goal of this paper is to analyze the dynam-
ics of the amplitude-phase characteristics of SAT AC
over the Northern Hemisphere (NH) during the 20th
century using the data of instrumental cbservations
and reanalyses. Physical causes of these dynamics
are analyzed based on climate models such as the
cnergy balance model (EBM) and the global climate
model of intermediate complexity developed at the
A.M. Obukhov Institute of Atmospheric Physics of
the Russian Academy of Sciences (IAP RAS CM)
(Petoukhov et al., 1998; Handorf et al., 1999; Mokhov
et al., 2002). The latter model is also used to project
SAT AC changes for the 21st century. An applica-
tion of these results to the diagnosiics of permalfrost
evolution is discussed.

2. AC amplitude-phase characteristics

AC amplitude-phase characteristics are treated in
terms of the conventional Fourler-analysis and of the
method developed in Mokhov (1985, 1993). in the
first case (Fourier-analysis), the amplitudes of annual
T, and semiannual T; 5 SAT harmonics are used as
representatives of annual cycle amplitude and phase
characteristics, respectively. In the second case, three
variables are studied here: moments of 0- and 7—
phases (¢;'/ and e respectively) and interval of ex-

ceeding té+), The first two variables are respectively
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the spring and autumn moments when SAT equals to
its annual mean value T, . The interval of exceeding

is a period between tg” and té“ when the local SAT
is higher than its annual mean value (Mokhov, 1985,
1993).

The grounds to use amplitude of semiannual har-
monics as one of the AC phase characteristics can be
justified by the relations between it and other AC
phase characteristics. In particular, for Ty & Ty
it can be derived
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) — _ 82 .. o

(0 =~ + 72 omtoia - 2000, ()
I Tia

)= 2 |g— %2 B

tg = > [Tr ds 1+ ﬁil sin{ds 2 2¢S=1)] . {2)

[ T
(g L B2 o
=t (D=~ [7r+2Ts=1 sin(dy2—26:1)] + (3)

where ¢y and ¢co are initial phases of annual and
semiannual harmonics respectively, v, = 2n/t,, s =
l yr.

If a decrease (increase) of T} 3 is observed then one
could expect a corresponding decrease (increase) of
difference between t§+) and the value which equals 6
months. This can be treated as an annual cycle har-
monization (deharmonization).

3. SAT AC characteristics in observations and
reanalyses

3.1 Data

Here the following surface air temperaturc data are

used:

s The instrumental station data (Razuvaev et al.,
1992; Eischeid et al., 1991; Karl ot al., 1984;
Quinlan et al., 1987; Manley, 1974) for the 20th
centary.

o The analysis by Gruza et al. (1989) for 1891-
1993 averaged over the whole Northern Hermi-
sphere land and over Europe, Asia, and North
America.

s The reanalyses provided by the National Cen-
ter for Environmental Prediction/National Cen-
ter for Atmospheric Research (NCEP/NCAR,
1958-1998) (Kalnay et al., 1996) and by the Eu-
ropean Centre for Medium-Range Weather Fore-
casts (ERA, 1979-1993) (Gibson et al,, 1997).

All these datasets are stored as monthly means.
It was shown by Eliseev et al., {2000) that the data
with a higher temporal resolution (e.g., daily means
or 10-day means) yield the results very similar to that
obtained from monthly mean series but with a lower
statistical significance due to the influence of weather
noise and intramonth variability.
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Table 1. SAT AC amplitudephase characteristics obtained using the data by Gruza et al. (1989) for 1891-1993. Upper line
shows climatological value fur ¥ and its standard deviation o(¥) (in parentheses) (¥ = To1, Ti2, té”, tg”, t§+)) (the first
twa variables are in kelvins, the last three in days). Middle line presents regression coefficient b(Y) = dY JdTy ;m (dimensionless
for ¥ = Ty,1 and Ty 2 and in days per Kelvin for ¥ = tg”, tsl), té”} and its standard deviation (in parentheses). Bottom line
shows corrolation coefficient of the abave linear relationship and its statistical significance (in parentheses}

Tex T2 By & S
Northern 7.0 (0.2) 0.27 (0.08) 97 (1) 283 (3) 186 (1}
Hemisphere  —0.28{+0.06) —0.04{4+0.04) +0.1(£0.5) —0.5(£0.6) —0.6(£0.6)
land -0.41 (>99%) -0.09 Q.01 -0.08 -0.02
Europe 12.0 (0.8) 0.72 (0.36) 92 (4) 277 (5) 185 (6}
—0.77(+0.10) —0.14{£0.06} —0.4(£0.6) -2.9(£0.8) —2.5(£0.9)
-0.61 (>99%) —0.24 (>95%) -0.06 —0.32 (>99%) -0.26 (>99%)
Asia 14.9 (0.4} 0.87 (6.33) 88 (3) 277 (2) 189 (3)
—0.75(+0.10) +0.01(£0.11) —0.4(20.8) ~0.6{+0.6) —0.2(£0.9)
-0.60 (>99%) 0.01 —-0.05 0.10 -0.02
North 13.6 (0.5) 0.69 (0.31) 93 (3) 281 (3} 188 (3}
America -0.61(-:0.09} —0.06(+0.07) —0.4(£0.7) ~1.2(£0.6) ~0L.8(+0.7)
-0.55 (=99%) —0.09 .06 -0.20 (>95%) .11

3.2 Amplitude characteristics

The climatological value of the SAT AC amplitude
characleristics T «,1 (here and below overbar stands for
the climatological average) is maximized in the north-
crn parts of the continents, cspecially over Siberia
where it amounts to about 30 K. Northern continental
land arcas are also distinguished by the large values
of standard deviation for anpual harmoenics amplitude
o(Ti1) = 2+ 3 K. Patterns for T; ate very similar to
cach other for both studicd reanalyses. In the points
corresponding to the Instrumental station locations,
they agree well to those obtained from the station sc-
ries. For interannual deviations from the ERA data,
one observes smaller ¢(7T, ;) than from the NCEP data,
either due to the different spanning periods or due to
the differences in the data preprocessing during the
reansalyses preparation. For the analysis by Gruza et
al. (1989), climatological values of T | are very robust
to the particular choice of spanning period and agree
with those obtained from the reanalyses. For 1881-
1993 they are summarized in Table 1. In particular,
the value over Europe roughly corresponds to the value
10 K given by Polonsky ct al. (2000) who subjectively
obtained it from the ERA data. Polonsky et al. (2000)
did not include the easternmost part of Europe (cast-
ward of 45°E) into their study and this could explain
some dissimilarity between these two values. Another
reason for this discrepancy could be due to the differ-
ences in the spanning periods.

The annual harmonics amplitude over NH land
typically shares well-known negative correlation with
Tim. Fig. 1. Typical values of the regression coeffi-
cient b(T, ;) of T, 1 on Ty attain —(0.6 < 0.9) for the
both studied reanalyses. Corresponding maximuimn (in
maguitude) values over land arc about —(1.0+1.2) and
—{1.5+ 1.6) for NCEP/NCAR (1958-1998) and ERA

(1979-1993), respectively. This values are in agree-
ment with the results obtained from the station data
and by Mokhov and Eliseev (1997) for the whole of
Furasia. For the NCEP/NCAR data, two statistically
significant areas of the corresponding positive correla-
tion are found: over Central America {(B{T;,;) is up to
40.6) and aver the northeastern part of Africa (6(75 )
is up to +0.9). Positive values of 8(T; ;) are found
also over the northern part of the Pacific Ocean for
the both reanalyses (maximum positive regression co-
efficient is +(0.3 + 0.4)), in agreement with Mokhov
and Eliseev (1997). An additional area with statisti-
cally significant positive values b(T; ;) = +(0.2+0.3)
is located near the equator in the eastern part of the
Indian Qecean and in the western Pacific.

In general, the results oblained from the NCEP/
NCAR and ERA reanalyses agree among each other;
the only exceptions are the above-mentioned land ar-
cas in Central America and northeastern Africa and
the region in the tropical oceans. In all these cases,
statistically siguificant positive correlations betweeen
Tom and Ty, are found only for the former datasel.
This is partly due to the differences between the algo-
rithms used to prepare the two reanalyses and partly
due to the different spanning periods (1958-1998 and
1979-1993 for NCEP/NCAR and ERA, respectively).
Additionally, the latter period is rather short and per-
haps does not allow one to obtain statitically signif-
icant results for these two regions. One has to note,
however, that the values of 8T 1)} computed from the
ERA data, while statistically insignificant, are posi-
tive over northeastern Africa but with smaller mag-
nitudes in comparison with those computed from the
NCEP/NCAR dataset. If the NCEP/NCAR reanaly-
sis is shorlened to embed only 1979-1993, the same
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Fig. L. Slope of the regression of amplitude of the annual harmenics on annual mean SAT obtained from

the NCEP/NCAR reanalysis data for 1958~1948.

period as for the ERA data, the areas of positive cor-
relations in northeastern Africa and in Central Amer-
ica still exist for the NCEP/NCAR dataset but shrink
substantially. The similar area in the Indian Ocean
also still exists but disappears completely in the $rop-
ical Pacific. The values obtained from the reanalyses
are in agreement with the results based on the station
data (not shown) and on the analysis data by Gruza
et al. (1989), Table 1. Very similar results were also
obtained by Mokhov and Eliseev (1997) for Eurasia
and North America based on the gridded instrumen-
tal data by Jones et al. (1994).

3.3 Phase characteristics

The climatological pattern of SAT AC phase char-
acteristics obtained from both the reanalyses and the
station data shows that the semiannual harmonics am-
plitude ;2 is largest over the northern parts of the
continents (poleward about 60°N) where it attains
2 +- 3 K. These regions also show the largest values
for standard deviations o (T} 2) of semianuual harmon-
ics amplitude amounting to 1.5 + 2 K. Other regions
with large values of Ts,z lie over the midlatitudinal
western coast of Norih America (up to 2 K for the
NCEP/NCAR dataset) and over the northern part of
Africa (up to 2 K and 3 K for NCEP/NCAR and
ERA data respectively). The NCEP/NCAR reanaly-
sis also shows large values of TE’Q over the Arctic Occan
(2.5 + 4.5 K), an important feature which is missed in
the ERA data.

The spring phase moments are smaller over the
continents (90 + 120 days since the beginning of the
year) than over the oceans (100 + 150 days). The
same is valid for the m-phase motent: over the con-

tinents £ = 270 = 200 days, over the oceans tg” =

300+310 days. All this reflects the well-known delay of
the SAT AC over ocean in comparison to that over the
continents. The interval of exceeding is rather close to
half of the year over most of the NH (170 + 185 days)

with the smallest values over the midlatitudinal a-
cific (down to 150 days) and with the largest near the
Labrador Peninsula (up to 200 days}. The interannual
standard deviations for all three variables are maximal
over the continents near 65°N (up to 10 days for il
and tg“ and up to {4 days for tg'”).

In general, the regression patterns of the SAT AC
phase characteritics on the annual mean SAT shows
more regional behaviour than those for amplitude
characteristics. Examples of the regression coefficients
for SAT AC phase characteristics are shown in Figs, 2
and 3 and in Table 1.

In the arca just southward of the characteristic an-
nual mean SIB position, the annual mean warming is
accompanicd by general decrease of T, 2 and :&” and
by shifts of t;n and t,El) to the end and to the begin-
ning of the year respectively. Typical values of the
corresponding linear regression coefficients are about
b(Thz) = —(0.2 +0.4), b(£7) = +{1 = 6) day/K,
b(t§) = —(2 = 4) day/K, b(tT) = —(1 + 8) day/K
(it can be treated as a SAT AC harmonization). This
corresponds to the values of interannual standard de-
viations for the last few decades o(Ty2) = 0.6 + LD K,
U(t_£,+)) = 7+ 15 days, a(tg)) = 5+ 11 days and
a(tél)) = 5 + 12 days. In contrast, northward of the
characteristic SIB position (e.g., in the region of the
Siberian and Canadian Highs), b{T;.2) = +{0.1 + 0.3),
o) = ~(2 5 3) dey/K,  b(tfY) = +(08 +
0.9) day/K, bt} = +(1 + 2) day/K {SAT AC is
deharmonized} with o{T;2) = 0.7+ 1.5 K, a(té”) =
4 + 12 days.

Some peculiarities for SAT AC phasc character-
istics are also found for the Far East (southward of
about 50°N} where the growth of T} ,, is accompanied
by shifts of both 0- and m-phase 1o the beginning of
the year while no significant changes in interval of ex-
ceeding are found. Typically, regression coefficients



ALEXEY V. ELISEEV AND IGOR 1. MOKHOV

2as

% bd . R

g e * N

= . sa ®

=2 a 2 e

= s @ e®
® 84 @

85 ve ® b
1% 16.5 17 175 18

T, [°Cl
sm

Fig. 2. Dependence of phase characteristics of SAT annual cycle on annual mean surface air temperature
for the station data: (a) amplitude of Lhe semiannual harmonics for Moscow, 56°N 38°E, 1949-1990, (b)
the same but for Verkhoyansk, 67°N 134°E, 1916-1990, (¢) and (d) 0- and 7n-phase moments respectively

NO. |
5
a
4
D o o,°
o e
IR T
1 ¢ "s,%
*
% 4 8 8
-0
Ts'm{ C)
— * c
w .0
£ e
gz.s .
S o .
e ve® Pope
.
1516 18.5 17 175 18
0,
Ts.m [°C)
for Xichang, 28°N 102°E, 1950-1987.
are H(E") = —(3 = 6) day/K, bt = —(10 +
20) day/K, (o(t{") = 3+ 11 days, o(t) = 12
15 days).

The desert regions in northern Africa and in Cen-
tral America (including the California Peninsula) are
characterized by a general deharmonization of SAT
AC under a warming climate. In the former region,
W(Ton) = +(0.2+0.4) (7(Toz) = 0.420.6 K), b(t) =
+(10 + 20) day/K (U(tgl)) = 10 days}. For the latter,
b(ig”) = -{10 = 15) day/K (g(té”) ~ 10 + 15 days).
in both cases, b(tg“) = +(10 + 20} day/K (o é“) =
10 =+ 20 days).

In the stormtrack region over the northern At-
lantic, one also obtains the tendency of positive corre-
lation of (-phase moment and annual mean SAT with
b(tp)J = +(3 + 6) day/K and U(tﬁ”) = 6§ + 10 days.
Qualitatively similar results (but in terms of annual
harmonics initial pliase ¢, 1) werc obtained by Thomp-
son (1995).

4. Analysis with energy-balance climate madel

In the current analysis, a Budyko-type EBM
{Pudyko, 1969; North and Coakley, 1979; Mokhov,
1993) is used

CaTe /ot =Q(l—a)~ It — F., . (4}
Here C is the heat capacity of atmospheric-underlying

surface unit column, @ the top-of-the-atmosphere in-
cident solar radiation, o the planetary albedo, F; the

outgoing longwave radiation, and F.. the meridional
heat influx. Hereafter it is assumed that @ remains
the same for different climate states and has no in-
terannual and longer term variations. According to
Budyko (1969),

Fy = (A+ BTy, , (5

where A and B are constants, and 7. is the coefli-
cient dependent on GHG atmospheric content (7, de-
creases when GHG atmospheric content increases; for
the present-day climate it is convenicnt Lo take i, = 1).
Model variables can be decomposed as Y = Vi +Y7/ (V
stands for any model variable, and Y, and Y’ are an-
nual mean value and seasonal varistions respectively)
assuming that 1. has no seasonal cycle. Hercalter AY
stands for the summer value of Y', ¥) for the present-
day value of ¥, and §Y for variation of ¥ under climate
change.

From Egs. (4) and (5), a linearized expression for
change in amplitude of the SAT annual harmounics may
be derived

8051 =~ B (AQbam +@QmdAe) + Ty 00mc] 4 (6)

neglecting 6F...

This equation can be reduced to the sufficient
conditions of ¥ ; decrease under climate warming
(Mokhov and Fliseev, 1997)

Sy < 0, dAa >0, (7)
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T'hese conditions are fulfilled over the middle and high
latitude land areas and explains the ncgative corre-
lation betwcen annual harmonics amplitude and an-
nual mean SAT observed there. This effect is opposed
by the decrease of almospheric opacity for outgoing
longwave radiation duc to anthropogenic GHG load-
ing into the atmosphere (see the third term on the
right hand side (RHS) of Eq. (8)). Positive correla-

a)

51}

— B TTa—
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tiott between T, and Ty 1 in the two tropical regions
(Central Amcrica and northern Africa) can be either
due to desertification or due to the loading of scatter-
ing aerosol into the atmosphere. These two effects are
complementary: desertification promotes higher send
dust atmospheric content. Both of them lead to the
conditions

(8)

bovy, > 0, dAa < (),

Fig. 3.

» Sl(.)peﬁ of the regression for SAT AC (a) 0~ and (b) w-phase moments and (c) Inlerval of
exceeding {in day/K) obtaincd from the NCEP/NCAR, reanalysis data for 1958-1998.

P
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which are opposite to conditions (7). Another possi-
ble contibutor to the posilive correlation observed here
is the above—mentioned modification of atmospheric
opacity for longwave radiation due to increased GHG
atmospheric content.

Yor phase characleristics of SAT AC it is most
simple to use just { and 7-phase moments. If their
present -day values are t;fo) and tss.lo) respectively, then
taking into account the definitions of 0~ and w-phases
one oblaing

o if 5t > (<)0 then 6t < ()0 (i.e., 0 phase
moments are shifted to the beginning (end} of
the year),

o if 07 5 (<)0 then 8t > (<0 .

Here, both tg” and tg” are counted from the begin-
ning of the year and 6T™ = T'|q), (#) = (1),(1).
8,0

For the present-day climate, 5Ts('9) = 0 by definition.
In contrast, for different climates it could be different
from zero because of the shifts of 0- and 7 phase mo-
ments. In particular, if 7o < Ty y and |675,1] < Ty 10
(which is valid for the middle and high latitudes) one
obtains

ST = - L

Vadg |

Again linearizing (4) and {5) around the annual

mean state, neglecting 6F.., and assuming that the

solar radiation income and the longwave radiation out-
come are almost balanced, one can derive

5']‘5(13‘): _QmB_] ['s”‘ltﬁf’o’ — By, (1'_Qw)/Qm):l . (10)

(#)
ts.o
uated at the time téfgn), #) =MD, (). QW is the
intra annual variation of  evaluated at the same time
momgents.

From Eq. {10), conditions for shifts of 0~ and 7
phasc moments are

6t ()0 if 6a|¢“ﬂ)>(<)(1—Q“)/Qm)6am,
1 > ()0 i daley <(2)(1-QW/Qu)bar. (11)

For instance, for the middle and subpolar latitudes,
berm <0 under 87, >0 and Qp > QN> 0 (Mokhov,

1993). As a result, the shift of t{” to the end (begin-
ning) of the year in the area lying to the south (north)
of the annual mean SIB position can be treated as a
result of smaller (larger) climate sensitivity of spring
albedo in comparison to annual mean albedo. Analo-
gously, the shift of t{” to the beginning (end) of the
year in the areas lying to the south (north) of the an-
nual mean SIB position is related to smaller (larger)

ot = +—;,—6TS(“ . (@)

Valgl

a.‘TS(I) ,

Here do|"’ stands for the value of PA change eval-
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climate sensilivity of autumn albedo in comparison to
annual mean albedo. These conclusiens are supported
by the similar relationship between variations of sur-
face albedo in spring and autumn in the area to the
north of the annual mean SIB position observed by
Budyko et al. (1998). In thesc regions, PA variations
arc mainly determined by variations of surface albedo.

Physically, the mechanism of variations of SAT AC
phase characteristics due to the SIB movement can be
described as follows. For any particular region one can
hypothesize two exiremal climate states, If the climate
state is a very cold one, then Lhe region is covered by
ice/snow Lhroughout, the year and the SAT PA feed-
back is not activated {considering only the processes
directly related to the SIB movement). A similar con-
clusion has to be made also for a very warm climate
when the area is ice/snow {ree throughout the year.
But for intermediate climate states (when the seasonai
cycle of the snow-ice cover in the region is observed)
this feedback is activated and serves as an amplifier
of the semiannual harmonics of the solar radiation in-
coming at the top of the atmosphere. The change in

T2 is to result in the corresponding changes in té”,

tgl) and t§+) depending on sign of sin(¢, 2 ~ 2d,1) {sce
Egs. (1)-(3)). From this point of view the regions ly-
ing to the north and to the south of the present-day
annual mean SIB position can be distinguished by the
relative tendencies of SIB movement. For the former
regions, SIB comes nearer under global annmual mean
warming and its variability more strongly influences
SAT AC. For the latter regions, it recedes and the in-
fluence of its variability diminishes. This mechanism
is also consistent with the observed maximization of
the interannual standard deviation for SAT AC phase
characteristics near the present-day characteristic SI1B
position.

To examine an influence of the cloudiness-radia-
tion interaction on SAT AC, one can use (Budyko,
1969; Mokhov and Petukhov, 1978)

1'"1 = [(Al - A.g'ﬂ) + (B] - Bgn)Ts]ﬂC . (12)

(13)
where n is the total cloud amount; 4, A, By, and
Bs are constants; and o, and ags the albedo of cloudy
and cloudless subsystems, respectively. To consider
only the direct influence of cloud amount variations,
one may neglect variations of Fi., ¢, and o, Taking
for simplicity én = dny one obtaing

a=aen+ (1 —n)ay ,

‘52—;.1 = klﬁTs.m + kzénm + "3.557% 3 (14)
for annual harmonics and
0T = k8T + 68 00m + {00, (15)
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for 0- and w—phase morments. Here
ki = BaAmg /G,
ky = [AQ(0c m0 — Ceam) + B2Ti1,0)/C,
k3 =Ti10 — (A2 + BoTomo)Ano/ G,
w7 = Band? /G,
w5 = Q™ (acmo — Gesm0)/C,
) = (A + BoTomoln) /G
G = (B -- Banpp)

Here n(()'g) is the intra-annual variation of total cloud
amount evaluated at the time ﬁg%), @ =(1),(]). Co-
("

efficients k;, x;"', j = 1, 2,3 have the meaning of par-
tial derivatives of SAT AC APC on particular climatic
variables, One has to emphasize that the meaning of
the terms with §r. in Egs. (14) and (15) differs from
those in Egs. (7) and (8). In the former case SAT-PA
feedback due to the SIB movement is neglected but
cloudiness variability is taken into account explicitly.
In the latter case, in contrast, the SAT-PA feedback
is taken into account bul variability of cloudiness is
nol treated explicitly. he differences in conelusions
about the importance of the terms with &7, in Eqgs. (7)
and {8) on one hand and Eqs. (14} and (15} on the
other, are due to this difference.

Coeflicients &;, m;ﬂ),j = 1, 2,3 are evaluated using
the abserved SAT (Crutcher and Meserve, 1970) and
total cloud amounts (Rossow and Schiffer, 1999), tak-
ing values A; = —425.2 W m ™2, Ay=~1185 W m™2,
Bo=24Wm 2K}, B, =065 Wm™? K™ (Mokhov
and Pctukhov, 1978), acmo = 043, acsmo = 0.57
over snow/ice and orgg o = 0.15 otherwise (Mokhov,
1981}, annual mean SIB position at 60°N (Mokhov,
1993). The evaluated values of the coefficients k;{j =
1,2,3) are presenied in Fig. 4. Figure 5 shows
the cvaluated valucs of 6t£'9)/(?Y((19) =M, UxY =
Fipm; o, o) Obtained fromm H,gﬁ)(j = 1,2,3) using
Fq. (9). Additionally, il is assumed that both interan-
nual variations of total cloud amounts and variations
of 5. being of the order of a few percent, per 1 K change
in Ty m. The former assumption is consistent with the
Lypical sensitivity of total cloudiness to temperature
variations obtained from observations for annual cycle
(Mokhov, 1993) and interannual variability (Hanson,
1991; Norris and Leovy, 1994; Weare, 1994; Kaiser,
1998). The latter assumption is consistent with the
results by Mokhov and Petukhov (1978). As a result
one obtains that the first terms in the RHS of Eqs. (14)
and (15) for the extratropics can be dropped. For the
latter equation, additionally, the third term may be
neglected. Coellicient kg is positive equatorward of
about 60°N and negative poleward, while k3 is pos-
itive everywhere in the NH. Consgequently, the nega-
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tive correlation belween total cloud amount over the
monsoon-related region and SAT observed in the in-
terannual variability (Hanson, 1991; Norris and Leovy,
1994; Weare, 1994; Kaiser, 1998) (alongside with the
SAT-PA feedback due to the SIB movement) con-
tributes to the observed negative correlation between
T, 1 and Ty over land. The positive correlation be-
tween them over the North Pacific is to be attributed
to the variations in greenhouse gases content in the
atmosphere. For Eq. {15) poleward of 60°N .»:9) (ngl))
is positive (negative). Equatorward of this latitude
ra(zn (ﬁ(gl)} is negative (positive). Using Eqgs. (9) one
sees that an increase {decreage) of annual mean cloud
amomt promotes the shift of both 0- and 7 phases
to the ¢end (beginning) of the year in middle latitudes
and to its beginning (end) in high latitudes. This can
be related to the influence of cloud amount variations
on variations of planctary albedo and associated de-
crease of both spring and autuinn rates of change of
the solar heating. In particular, tendencies of change
of SAT AC phase characteristics exhibited for the re-
gion of the East Asian monsoon can be related to the
variations of annual mean cloud amount there. This
conclusion is also supported by the results of the cor-
relation analysis of SAT AC 0- and = -phasc moments
with the annual mean cloudiness data (Kaiser, 1998).
For most stations located in the Far Fast, these two
variables do show statistically significant {(at the lev-
els of 90% or even higher) positive correlation with
annual mean cloud amounts for both interannual and
interdecadal variability. The sign of the correlation is
consistent with ¥ig. 5 where Gth)/BTS'm > {) at the
latitudes southward of about 60°N. Reported values
{Hanson, 1991; Norris and Leovy, 1991; Weare, 1994;
Kaiser, 1998) for negative correlation between ny and
T yicld B(") of the order — (0.5 1.0) day/K which
is consistent with the results of section 3.

In the tropics, the relative importance of the semi-
annual harmonics is much higher than outside of them
and the assumptions used to derive Egs. (9) do nol
hold. As a result for the tropical region ouly the infly-
ence of cloudiness variations on the SAT AC amplitude
characteristics is studied with the EBM (see Fig. 4).
It is seen that in the tropics the main term is that
with d7.. It is negative under GIIG loading into the
atmosphere. Another term, potentially important for
sufficiently large variations in total clond amounts, is
the term with dn,,. This term is clearly negative in the
regions where desertification takes place. As a resuit,
both terms do not contribute to (and even oppose) the
observed positive valuc of 8(Z; ;) in the two descrt re-
gions mentioned in section 3.2. One concludes that
this positive value is due to the variations of surface
albedo due to desertification and/or scattering aerosol

4 ER- 4



NO. 1

0.03 T T
0.02

E
@ 0.0%

T

3T,
=]

-0.01

-002
0

3T o, (K]

-5 1 . . . \
0 10 20 30 40 50 &0 70 aq 90

latitude (N}

Fig. 4. Sensitivity of amplitude of the SAT an-
nual harmonies to partial changes in (a) annual
mean SAT, (b} annual mean cloud amount, and
(¢} GHG atmospheric content. Every sensitiv-
ity coeflicient is evalualed assuming the other two
variables to be constant.

loading into the atmosphere.

5. Numerical experiments with IAP RAS CM

The TAP RAS CM belongs to the class of coupled
atmospliere ocean-land climate models of intermedi-
ate complexity (Claussen et al.,, 2002). s detailed
description is given in Petoukhov et al. (1998) aud
Handorf et al. (1999}, The run used here (Mokhov et
al., 2002) was foreed by the COy atmospherie concen-
trations in accordance with (e observations for 1860
1990 and with the scenario 15924 (Homghton et al.,
1992) for 1991-2100. This scenario corresponds to the
rise of (O atmospheric content amounting to about

ALEXLEY V. ELISEEV AND IGOR I. MOKHOV

61 ,

[day/K]

sm

5

It T
5
2

-0t

30 40 50 60 Y B0 90

o [daY]

F) 1:’)13 n

[=]

(]
3o, day}

1
[

10 " " N
e} 40 50 60 70 80 90

latitude (N)

Fig. 5. Sensitivity of 0- (solid lines) and 7 phase
{dotted linesy moments to partial changes in (a)
annual mean SAT, (b) annnal mean ¢loud amount,
and (c) GHG atmospheric content. Every sensi-
tivity coeflicient is evaluated assuming the other
two variables to be constant.

0.7 pereent per year, The forcing due to other GHG
is neglected. Globally averaged annual mean temper-
ature increase in Lhis run amounts to about 1.3 K to
2050 and abeut 2.3 K to 2100 (Mokhov et al., 2002
Demchenko et al., 2002},

5.1 Climatological patierns

Climatological patterns of SAT AC APC were com-
puted for 1958--1998, the same spanning period as for
the NCEP/NCAR reanalysis.

The TAP RAS CM correctly reproduces the large
scale features of the patterns for T ;. For phase char-
acteristics, the model’s behaviour is more complex.
The IAP RAS CM successively reproduccs most large
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scale features for T, 2 but underestimates its value near
the North Pole as it was for the ERA data. For the
spring phase moment, the model yields generally cor-
rect climatological values over land but fails to re-
produce its extrema over the Pacific and nesr the
Labrador Peninsula {see section 3.3). A very simi-
lar conctusion can be made for n-phase moments and
the interval of exceeding; the IAP RAS CM again cor-
rectly simulates their values over land but performs
poorly over the oceans.

The model correctly simulates interannual stan-
dard deviations for SAT AC APC in the regions where
they are supposed to be forced by the S1B movement
(see section 4). At the same time it poorly repro-
duces them in the regions of high cloudiness variabil-
ity (southeastern Asia, stormtracks) and in the desert
regians.

5.2 Sensitivity to climate variations

Sensitivity to climate variations is computed in
a way similar to that used for observations by per-
forming corresponding lincar regressions for selected
spanning periods. In particular, the chosen periods
arc 1958 1998 (the samc as for the NCEP/NCAR
dataset), 1991-2041, and 2051-2100.

For amplitude characteristics of SAT AC, it is scen
that the model correctly simulates the tendencies of
change related to the SAT PA feedback due to the
SIB movement, see Fig. 6 for 1991 2041 48 an cxam-
ple. The only cavesat found here is the overestimated
regression coefficients over the Arctic Ocean. In con-
trast, the regions of positive correlation between Ty
and T, in the northern Pacific and northern Africa
arc not reproduced. In Central America there is a
region of the positive correlation between these two
variables for 2041-2100 but the correlation is statisti-
cally insignificant and the coefficient b(7fy;) is small.
This area of positive correlation completely disappears
for 2051 2100,
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A similar conclusion can be obtained for the phase
characteristics of SAT AC (see Fig. 7 for 2051-2100
as an example}. The JAP RAS CM simulates the as an
example). The IAP RAS CM simulates the tendencies
related to the feedback between SAT and planelary
albedo due {o the SIB movement. In particular, in
Fig. 7 onc clearly sees the regions of positive (nega-
tive) b(7T,2) and b(t{t) just poleward (equatorward)
of the annual mean SIB position with correct mag-
nitudes. A similar conclusion ¢an be made for the
s—phase moment, but in this case the magnitudes for
b(tg”) are overestimated. For the spring phase mo-
ment the model simulates only statistically insignifi-
cant tendencies of change. During the earlier period
1991- 2041 the areas of statistically significant relation-
ships are smaller. This is due to the smaller magni-
tude of change of CO4 atmospheric content during this
period in comparison to that during 2051 2100. Nev-
ertheless, in the regions which share high statistical
significance during both periods, the patterns are gen-
erally the same.

In contrast, the relationships associated with the
clondiness variabilily are not reproduced correctly.
The model misses the relationships found for the re-
gion in the Far East and for the region of stormtracks,
see section 3.3. The relationships found for 7} 5 and

t§+) in the deserts in Africa and America arc also gen-
erally missed, but the model yields correct magnitudes

for Lﬁ” and £V in these regions.

6. Discussion and conclusions

The amplitude-phase characteristics of the SAT an-
nual cycle in the Northern Hemisphere are analyzed
using meteorological observations for the 20th century
and meteorological reanalyses for its second hall, For
amplitude characteristics (annual harmenics ampli-
tude 71}, the well known negative correlation with
annual mean SAT T;,, Is exhibited over most land

Fig. 6. Slope of the regression of amplitude of the annual harinonics on annusl mean SAT obtained from
the numerical experiment with the IAP RAS CM for 1991-204(}.
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Fig. 7. Slopes of the regression of SAT AC phase characteristics on annual mean SAT obtained from
the numerical experiment with the AP RAS CM for 2051-2100. Panels: {(a) amplitude of the semiannual
harmonics (dimensionless), (b) interval of exceeding (in d K™').

areas. Mevertheless, some exceptions exist. In partic-
ular, thesc variables are positively intercorrelated over
the two desert regions: in northern Africa and in Cen-
tral America (the latter only for the NCEP/NCAR re-
analysis data). Additicnally, similar areas of positive
correlations are found for the northern Pacific and for
the tropical Indian and Pacific Oceans (the last two
regions are again oniy for the NCEP/NCAR dataset).

One may note that the above-mentioned region in
the two tropical oceans is a key region for the de-
velopment, of El Nifio-Southern Oscillation (ENSO)
events. The annual cycle of SAT is very important
in regulating the development of tropical convection
which contributes to the ENSO phenomenon {Philan-
der and Rasmusson, 1985; Meehi, 1987; Diaz and Ki-
ladis, 1992).

An analysis of the energy-balance clilnate model
allows one to associate the dominating negative corre-
lation with the SAT-PA feedback due to the SIB move-
ment. Over northern Alfrica and Central America, the

positive intercorrelation may be attributed to the de-
sertification and/or scattering aerosol loading into the
atmosphere. Similar positive intercorrelation over the
north Pacific in the EBM could only be explained as a
result of the atmospheric opacity decrcase due to the
greenhouse gases loading.

The SAT AC phase characteristics (semiannual
hatmonics amplitude T3, moments of 0- and =-

phases tg) and ¢ respectively and interval of exceed-

ing té”) also show regional peculiarities. In particu-
lar, their interannual deviations are maximized near
the characteristic position of the snow-ice boundary.
Southward of the characteristic SIB annual mean posi-
tion, the SAT AC is harmonized under c¢limate warm-
ing. It is manifested hy the negative correlation for
amplitude of the semiannual harmonics, the moment
of SAT AC w-phase and interval of exceeding with
annual mean SAT and positive correlation for 0- phase
moment. This is also found for the whole Europe and
North America. In contrast, northward of the charac-
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teristic STB position, the SAT AC is deharmonized un-
der climate wartming and the correlation for the above
mentioned phase characteristics and annual mean SAT
is reversed. A siinilar SAT AC deharmonization is also
found for the two desert regions: in northern Africa
and in Central America. In the Far East (southward
from ahout 50°N} the SAT AC shifts as a whole with
its spring and autumn phases occurring earlier; both
SAT AC 0- and w-phase moments are negatively cor-
related with the annual mean SAT while no significant
changes of interval of exceading are found.

Near the SIB annual mean position the tendencies
for SAT AC phase characteristics have to he attributed
ta the SAT PA feedback due Lo the SIB movement. In
the Far Last those trends may be associated with the
cloudiness variability.

In the region influenced by stormtracks, however,
the reported correlation {Hanson, 1991; Norris and
Leovy, 1994; Weare, 1994) between cloud amounts and
SAT has the same sign as in the Far Fast, but the ten-
dencics for the autumn phase are statistically insignif-
icant and for the spring phase arc opposite to those
obtained for the latter region. This can be treated
as a result of the concurrence between the two oppos-
ing feedbacks: the SAT PA feedback due to the SIB
movement, and the cloudiness feedback. The results
force vne to suppose that the former dominates, but
this needs more detailed analysis than found in the
present study to make a clear conclusion.

The IAP RAS climate model correctly reproduces
the present-day patterns for SAT AC APC over land
but poorly performs over the ocean. Additionally, it
simulates the part of their variability which is associ-
aled with the SAT-PA feedback due to the SIB move-
mett.

Under anthropogenic climate forcing, the AP RAS
CM correctly reproduces tendencies of change in the
regions where they are supposed o be forced by the
SAT-PA feedback due to the SIB movement. There
is evidence that this feedback is overestimated by the
model. On the other hand, the [AP RAS CM underes-
timates those tendencies to be associated with cloudi-
ness variability. [n the regions where a desertification
is observed, the maodel simulates the tendencies only
partly: the regression coeflicients for SAT AC APC
on annual mean SAT are either positive or negative
depending on the selected time period.

The model shortcomings in simulating the cloudi-
ness variability may be {raced to the model represen-
tation of the dynamical processes which are highly pa-
rameterized {Petoukhov et al., 1998; Handorf et al,,
1999). This leads to the limitations of the simulation
of atmospheric dynamics by IAP RAS CM (at least
by its current version} and, in turn, to the underes-
timation of the interannual variability by the model.
Underestimation of the ¢loudiness variability also may
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he one of the possible reasons for the overcstimation
of the SAT-PA feedback related to the SIB movement.
This is consistent with Lthe generally smoothing role of
the cloud cover in the PA variations between ice/snow
covered and ice/snow [rec regions.

On the other hand, one may easily argue that the
variability of the dynamical energy fluxes can be im-
portant for SAT AC APC. In the present analysis. at-
mospheric synoptic scale dynamics are not only pa-
rameterized in the analysis with the [AP RAS CM
but also completely missed in the analysis with the
energy-balance climate model. This topic needs more
detailed models than those used here and is currently
postponed for future work.

As was mentioned above, in the desert regions the
tendencies of chauge for SAT AC APC may be asso-
ciated cither with further desertification or with scat-
tering aerosol loading into the atmosphere. The TAP
RAS CM includes the module (based on the BATS
scheme (Dickinson et al., 1986)) for climate-vegetation
interaclions which are responsible for the former phe-
nomenon. In contrast, the forcing due to scattering
aerosol is neglected in the model: currently the TAP
RAS CM treats only spatiaily homogeneous and time
independent atmospheric aerosol. Partial reprodne-
tion of SAT AC APC tendencies of change in those re-
gions by the model can be considered as a hint on the
role of desertification. Currently it is unclear whether
the misreproduced part of these tendencies is due to
the omission of aerosol forcing or due to the mistreated
climate vegetation feedbacks. To answer this ques-
tion onc needs to perform a siitilation with a realistic
aerosol forcing, a work which is in progress.

Also as mentioned in the introduction, the results
obtained here can be used to study other climate pro-
cesses. L'his can be done by using respective diagnos-
tical indices which take into account SAT AC APC. In
particular, the correlation between annual mean SAT
and amnplitude of SAT AC characterisiics may be used
to study the permalfrost cover dynamics based on such
indices (Ncchaev, 1981; Anisimov and Nelson, 1996).
Namely, as in thc permalrost covered regions, SAT
AC is very close to a pure sine-wave-shaped function,
all such indices can be computed as a function of two
governing parameters: T, — Ty (Tf = 0°C is the
freezing temperature of fresh water) and T ;. These
lwo parameters can be combined into the single di-
mensionless parameter £ = {Ty;m — T¢) /15, Insuch a
case, the temperalure sensitivity for any index I can
be expressed as

I — g“i) ,

A 1df
de,m - Tﬂi,l d£ de.m

and all the information ahoul the particular type of

the index is stored in the term dI/dS.  Since per-
mafrost is formed only if T, £ Ty, it is seen that

(16}

et
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negative dTy,1/dTsm opposes permafrost degradation
under annual mean warming and its formation under
annual mean cooling. For the relative severity index
(Nechaev, 1981) Ly = T4 min/Ts max, where T jmin and
T max &re minimum and maximum values of SAT dur-
ing the anmual cycle, the continnous subsurface per-
mafrost boundary corresponds to Iy = —2 leading
Lo &£ = —1/3. Typically, here &(T;,) = —(0.6 + 0.8)
and the value in brackets in Eq. 16 deviates from
unity by about 20 3 30%. Positive correlation be-
tween T, and T, during climatic optima is consis-
tent with higher temperature sensitivity of continuous
permafrost cover than currently obscrved and mod-
clled under anthropogenic climate forcing (Demchenko
wt al, 2002). Very similar results can be obtained for
the surface frost index (Anisimov and Nelson, 1996).
This is in contrast to the permafrost cover indices
based only on annual mean SAT (Gavrilova, 1981)
which temperature sensitivity is rather different from
that for indices which take into account SAT AC.
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APPENDIX A
List of Abbreviations

AC annual cycle
APC amplitude-phase characteristics
EBM energy-balance climate model

ERRA Reanalysis provided by the Eu-
ropean Centre for Medium-Range
Weather Forecasts

greenhouse gases

climate model developed at the
A.M. Obukhov [Institute of At-
mospheric Physics of the Russian
Academy of Sciences

GHG
IAP RAS CM
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NCEP/NCAR National Center for Environmental
Prediction/National Center for At-
mospheric Research

NH Northern Hemisphere

PA planctary albedo

RHS right. hand side

SAT surface air temperature

SIB snow ice boundary

APPENDIX B

List of mathematical symbaols

If a variable is used only near the peint where it is
explained, it is not listed here.

A B, Ay, Ag, constants of the dependence of out-

31, B2 going longwave radiation on surface
air temperature and clond amount
(see Egs. (5], (12))

b(Y) slope of the linear regression of a
given variable ¥ and annual mean
SAT

C heat capacity of unit atmosphere—
surface column

Fy outgoing longwave radiation

F., meridional heat influx

" total cloud amount

Nm,o the present—day value for annually
averaged total cloud amount

Q top -of-the-atmosphere incident so-
lar radiation

CIm annual mean value of ¢}

Q. QM deviations of @ from its annual
mean value at the moments tég and
tgfg, respectively

Ty surface air temperature

Tom annual mean surfacc air tempera-
ture

Tom,o the present-day value for annual
mean surface air temperature

T intra-annual variation of T,

8

TN i) value of 7. evaluated at the
present—day values of 0- and =«
phase moments respectively (for the
present—day climate it is always
tg”,’!',(“ 0, for other climate
states it could differ from zero)

T amplitnde of the SAT annual har-
monics

Tin the climatological value for T}

Ts10 the present-day value of T 1

Tuz anplitude of the SAT semi-annual
harmonics
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the climatological value for T; 2
moment of 0 phase for SAT AC: the
moment when T = T, o, in spring
the present-day valuc for {0
moment of m-phase for SAT AC:
the moment, when Ts = Tim in au-

tumn

the climatological value for i
the present—day value for tg”
interval of exceeding: the time in-
terval between £\ and " within
the same year

planetary albedo

cloudy planetary albedo

the present-day value for annually
averaged cloudy planetary albedo
clear sky planetary albedo

the present-day value for annually
averaged clear sky planetary albedo
summer deviation of @ from its an-
nual mean valile

the present day value for sum-
mer intra—annual variation of total
cloud amount

change of F., corresponding to a
given climatic change

change in the annually averaged to-
tal cloud amount corresponding to
a given climatic change

change of the annual mean PA
corresponding to a given climatic
change

change of the summer intra-snnual
deviation of PA corresponding to a
given climatic change

changes of T and T cor-
responding to a given climatic
change, respectively

¢hange of T1 corresponding to a
given climatic change

changes of tg” and £V correspond-
ing to a given climatic change, re-
spectively

change of PA corresponding to a
given climatic change evaluated at
the present—day (- or m-phase mo-
ment, respectively

change of 7, corresponding to a
given climatic change

correction factor for outgoing long-
wave radiation to account for its
direct dependence on GHG atmo-
spheric content
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a dummy substitute either for the
superscript () or for the super-

(#) (superscript)

seript (1)
Vs =2 fty, ta =1 ¥y1
a(Y) interannual standard deviation for

a given variable ¥

D, 7 initial phases of the SAT AC har-
monics: annual if 7 = 1 and semi-
annual if j =2
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