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3URI�6�3��*XSWD� MRLQHG�35/� LQ� ����� DV� D� UHVHDUFK� VWXGHQW� IRU�KLV�3K�'�� GHJUHH��+H�

ZDV�LQYROYHG�LQ�WKH�GHVLJQ��GHYHORSPHQW�DQG�IDEULFDWLRQ�RI�KLJK�IUHTXHQF\�/DQJPXLU�

SUREHV�� 7KHVH� ZHUH� IORZQ� IURP� WKH� 7KXPED� (TXDWRULDO� 5RFNHW� /DXQFKLQJ� 6WDWLRQ�

�7(5/6���7ULYDQGUXP�WR�PHDVXUH�LQ-VLWX�WKH�HOHFWURQ�GHQVLW\��IOXFWXDWLRQV�LQ�HOHFWURQ�

GHQVLW\��LUUHJXODULWLHV��DQG�WKH�HOHFWURQ�WHPSHUDWXUH��7KH�UHVXOWV�OHG�WR�WKH�LGHQWLILFD�

WLRQ�� IRU� WKH� ILUVW� WLPH�� RI� WKH� WZR� W\SHV� RI� SODVPD� GHQVLW\� LUUHJXODULWLHV� DVVRFLDWHG�

ZLWK� WKH� FURVV-ILHOG� DQG� WZR� VWUHDP� LQVWDELOLWLHV�� 7KH� VSHFWUDO� LQGLFHV� RI� WKH� LQ-VLWX�

IOXFWXDWLRQV�LQ�WKH�VFDOH�VL]H�UDQJH�IURP�D�PHWHU�WR�IHZ�KXQGUHGV�RI�PHWHUV�ZHUH�DOVR�

REWDLQHG�IRU�WKH�ILUVW�WLPH��+LV�3K'�DGYLVRUV�ZHUH�3URI��6DUDEKDL�DQG�3URI�6DW\D�3UD�

NDVK��%DVHG�RQ�WKLV�ZRUN�KH�ZDV�DZDUGHG�3K�'��GHJUHH�LQ������IURP�*XMDUDW�8QLYHU�

VLW\��+LV�WKHVLV�ZDV�WLWOHG�³7KH�VWXG\�RI�WKH�ORZHU�LRQRVSKHUH�DW�ORZ�ODWLWXGH�´ 

)URP������WR�������3URI��*XSWD�DFWLYHO\�SDUWLFLSDWHG�LQ�VHYHUDO� LQWHUQDWLRQDO�URFNHW�

FDPSDLJQV� IURP�7KXPED� LQ� FROODERUDWLRQ�ZLWK�GLIIHUHQW� FRXQWULHV� OLNH�)UDQFH��*HU�

PDQ\��8.�DQG�5XVVLD��$ERXW����LQVWUXPHQWHG�URFNHWV�ZHUH�IORZQ�IURP�7KXPED�RXW�

RI�ZKLFK����FDUULHG�/DQJPXLU�SUREH��7ZR�URFNHW�ODXQFKHV�ZHUH�FDUULHG�RXW�GXULQJ�WKH�

FRXQWHU-HOHFWURMHW�HYHQWV�DQG�SURYLGHG�WKH�ILUVW�LQ-VLWX�PHDVXUHPHQWV�XQGHU�VXFK�JHR-

SK\VLFDO�FRQGLWLRQV��7KH�PHDVXUHPHQWV� LQ�QLJKW�DQG�PRUQLQJ�KRXUV�VKRZHG�WKDW�WKH�

WZR-VWUHDP�LQVWDELOLW\�LV�RSHUDWLYH�HYHQ�GXULQJ�QLJKW�DQG�PRUQLQJ�KRXUV�� 

,Q�0D\� ������ 3URI�� *XSWD� ZDV� DZDUGHG�+XPEROGW� IHOORZVKLS� IRU� D� SHULRG� RI� WZR�

\HDUV�WR�ZRUN�ZLWK�3URI��.��5DZHU�DW�)UHLEXUJ��*HUPDQ\�WR�LQYHVWLJDWH�LQVWDELOLW\�SUR�

FHVVHV� LQ�/DERUDWRU\�3ODVPD��2Q�UHWXUQ�KH�FRQWLQXHG�SDUWLFLSDWLRQ� LQ�VHYHUDO� URFNHW�

FDPSDLJQV� OLNH� 8UVLGV� PHWHRU� VKRZHU� �������� VRODU� HFOLSVH� �)HEUXDU\� ������ DQG�

VSUHDG-)� �������� ,Q� WKH� VRODU� HFOLSVH� FDPSDLJQ�� QHDU� VLPXOWDQHRXV�/DQJPXLU� SUREH�

PHDVXUHPHQWV�ZHUH�PDGH�IURP�7KXPED�DQG�6+$5�DQG�HOHFWURQ� ORVV� UDWH�ZHUH�GH�

ULYHG�� 7KH� VSUHDG-)� FDPSDLJQ� IURP� 6+$5� LQYROYHG� PXOWL-LQVWUXPHQWHG� SD\ORDGV�

IURP�5+-����URFNHWV�UHVXOWLQJ�LQ�VHYHUDO�QHZ�ILQGLQJV� 
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3URI��*XSWD�FRQFHQWUDWHG�PRUH�LQ�PLGGOH�DWPRVSKHUH�SURJUDP�IURP������WKDW�OHG�WR�

WKH�GHYHORSPHQW�RI�D�QHZ�5HOD[DWLRQ�3UREH�WKDW�ZDV�IORZQ�IURP�EDOORRQV�ODXQFKHG�

IURP�+\GHUDEDG� WR�PHDVXUH�HOHFWULFDO�FRQGXFWLYLW\�DQG�HOHFWULF� ILHOG� LQ� WURSRVSKHUH�

DQG�VWUDWRVSKHUH��6RODU�F\FOH�HIIHFW�RQ�FRQGXFWLYLW\�ZDV�REVHUYHG��0HDVXUHPHQWV�FDU�

ULHG�XQGHU�,0$3�GXULQJ�D�GHFDGH������-������KDYH�SURYLGHG�QHZ�UHVXOWV��+H�ZDV�WKH�

ZRUNLQJ� JURXS� FKDLUPDQ� RI� WKH�(OHFWURG\QDPLFV� RI� WKH� ,QGLDQ�0LGGOH�$WPRVSKHUH�

3URJUDPPH��,0$3��� 

3URI��*XSWD�ZDV� DOVR� DZDUGHG�0D[� 3ODQFN� )HOORZVKLS� LQ� ����� WR�ZRUN�ZLWK� 3URI��

:�,��$[IRUG�DW�0D[�3ODQFN�,QVWLWXWH�RI�$HURQRP\�DW�/LQGDX�+DU]��*HUPDQ\�IRU�VL[�

PRQWKV��+H�KDG�RUJDQLVHG�VHYHUDO�ZRUNVKRSV�DQG�V\PSRVLD� LQ�&263$5�DVVHPEOLHV�

GXULQJ�����-�����DQG�HGLWHG�WKUHH�YROXPHV�RI�$GYDQFHV�LQ�6SDFH�5HVHDUFK��+H�ZDV�

DOVR�D�PHPEHU�RI�WKH�7DVN�7HDP�RQ�,QWHUQDWLRQDO�5HIHUHQFH�,RQRVSKHUH��+H��KDG�SDU�

WLFLSDWHG� LQ� WKH� VRODU�HFOLSVH�FDPSDLJQ�RQ����-DQ�������DW�7KXPED��7KH� UHVXOWV�RE�

WDLQHG�IURP�WKLV�FDPSDLJQ�ZHUH�FRPSDUHG�ZLWK����)HE�������VRODU�HFOLSVH�FDPSDLJQ�� 

3URI��*XSWD�KDG�DXWKRUHG�VHYHQW\�SDSHUV�LQ�PDMRU�VFLHQWLILF�MRXUQDOV� 

+H�KDG�DOVR�FRQWULEXWHG�LPPHQVHO\�WR�VHYHUDO�EDOORRQ-ERUQH�H[SHULPHQWV�GHGLFDWHG�WR�

XQGHU-VWDQGLQJ� WKH�PRELOLW\�RI�SRVLWLYH� LRQV� LQ� WKH�QHDU-(DUWK�UHJLRQ��7KHVH�H[SHUL�

PHQWV�ZHUH�FRQGXFWHG�IURP�WKH�1DWLRQDO�%DOORRQ�)DFLOLW\�LQ�+\GHUDEDG� 

3URI��*XSWD�ZDV�D�+XPEROGW�)HOORZ�DQG�ZDV�DOVR�DFWLYHO\�LQYROYHG�LQ�&263$5�DF�

WLYLWLHV��+H�KDG�RUJDQL]HG�VHYHUDO�VFLHQWLILF�V\PSRVLD�LQ�&263$5�DVVHPEOLHV�LQ�6FL�

HQWLILF� &RPPLVVLRQ� &��� QDPHO\� HOHFWURG\QDPLFV� RI� ORZ� DQG� VXE� DXURUDO� ODWLWXGH��

�������%LUPLQJKDP��8.��0LGGOH�DWPRVSKHUH�DQG�ORZHU�WKHUPRVSKHUH��������1DJR�

\D��-DSDQ��+H�ZDV�FR-VFLHQWLILF�RUJDQL]HU�LQ�&263$5�DVVHPEOLHV�LQ�:DUVDZ��3RODQG�

��������+RXVWRQ��86$��������DQG�3DULV��)UDQFH��������LQ�VFLHQWLILF�V\PSRVLD�RQ�PLG�

GOH� DWPRVSKHULF� HOHFWURG\QDPLFV� DQG� FKDLUHG� VHYHUDO� VHVVLRQV��$W� WKH� ��WK�&263$5�

DVVHPEO\�LQ�-XO\������LQ�0\VRUH��,QGLD��KH�SUHVHQWHG�UHVXOWV�RQ�ORQJ�WHUP�PHDVXUH�

PHQWV�RI�HOHFWULFDO�SDUDPHWHUV�LQ�PLGGOH�DWPRVSKHUH�XVLQJ�URFNHWV�DQG�EDOORRQV�RYHU�

WKH�,QGLDQ�]RQH� 

��������������������� 
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5HIHUHQFH��&263$5¶V�,QIRUPDWLRQ�%XOOHWLQ�6SDFH�5HVHDUFK�7RGD\���657��� 

���������������������'HF���������SJ��-� 

��������������������2ELWXDU\�ZULWWHQ�E\�KLV�FROOHDJXHV�DW�35/ 

��������������������'U��9LNUDP�6DUDEKDL��5HYHUHG�WHDFKHU�DQG�JXLGH��9LNUDP�3DWULND� 

����������������������0DJD]LQH�LQ��+LQGL��VSHFLDO�LVVXH����������6DUDEKDL�ELUWK�FHQWHQDU\� 

��������������������VSHFLDO���SJ���-�� 

��������������������8&$5�&HQWHU�IRU�6FLHQFH�(GXFDWLRQ� 
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      �������������3URI�6�3��*XSWD 

���������������������������������������������������������������������-������� 

3URI��6��3��*XSWD�KDG�D�GLVWLQJXLVKHG�FDUHHU� LQ�35/�IRU�RYHU� WKUHH�GHFDGHV��ZKHUHLQ�KH�

ZDV� DFWLYHO\� LQYROYHG� LQ�PRUH� WKDQ� ��� URFNHW� H[SHULPHQWV� WKDW�ZHUH� FDUULHG� RXW� IURP�

7KXPED�DQG�6+$5� 

$ORQJ�ZLWK� KLV� VXSHUYLVRU�� 3URI��*XSWD� KDG� SHUIHFWHG� WKH� WHFKQLTXH� RI� KLJK� IUHTXHQF\�

/DQJPXLU�3UREH�SD\ORDG�� � �+H�ZDV�WKH�ILUVW�WR�GLVFRYHU�WKH�SUHVHQFH�RI�VXE-PHWHU�FODVV�

VFDOH�VL]HV� LQ�SODVPD�LUUHJXODULWLHV�LQ�WKH� LRQRVSKHUH�EDVHG�RQ�WKLV�WHFKQLTXH��7KLV�KLJK�

IUHTXHQF\�/DQJPXLU�3UREH�LV�WKH�RQO\�LQ-VLWX�WHFKQLTXH�LQ�WKH�ZRUOG�WKDW�FDQ�\LHOG�XQDP�

ELJXRXV�LQIRUPDWLRQ�RQ�SODVPD�ZDYHV�RYHU�D�ZLGH�UDQJH�RI�VFDOH�VL]HV��7KLV�DELOLW\�KDV�

SURGXFHG�QXPHURXV�WKHVHV�DQG�QHZ�UHVXOWV�RI�LQWHUQDWLRQDO�UHSXWH 

+H� KDG� DOVR� FRQWULEXWHG� LPPHQVHO\� WR� VHYHUDO� EDOORRQ-ERUQH� H[SHULPHQWV� GHGLFDWHG� WR�

XQGHUVWDQGLQJ�WKH�PRELOLW\�RI�SRVLWLYH� LRQV� LQ� WKH�QHDU-HDUWK�UHJLRQ��7KHVH�H[SHULPHQWV�

ZHUH�FRQGXFWHG�IURP�WKH�1DWLRQDO�%DOORRQ�)DFLOLW\�LQ�+\GHUDEDG� 

3URI��*XSWD� KDG� XQFDQQ\� DELOLWLHV� WR� GHFLSKHU� JHRSK\VLFDO� LQIRUPDWLRQ� IURP� UDZ� GDWD�

EDVHV��+H�KDG�FRQWULEXWHG�VLJQLILFDQWO\�LQ�VROYLQJ�WKH�P\VWHU\�RI�WKH�GLVDSSHDUDQFH�RI�D�

SDUWLFXODU�W\SH�RI�SODVPD�ZDYHV�RYHU�7KXPED�E\�ILQGLQJ�RXW�LWV�DVVRFLDWLRQ�ZLWK�WKH�VORZ�

PRYHPHQW�RI�GLS-HTXDWRU��DQG�WKHUHE\�FRQQHFWLQJ�WKH�JHR-G\QDPLFV�WR�WKH�EHKDYLRXU�RI�

VSDFHSODVPD�DFWLYLWLHV� 

3URI��*XSWD�ZDV�D�+XPEROGW�)HOORZ�DQG�ZDV�DOVR�DFWLYHO\�LQYROYHG�LQ�&263$5�DFWLYL�

WLHV� 

3URI��*XSWD�KDG�VXSHUDQQXDWHG�FORVH�WR�WZR�GHFDGHV�DJR�IURP�35/��KRZHYHU��KLV�SDVVLRQ�

DQG�SDUWLFLSDWLRQ�IRU�DOO�WKDW�LV�35/��KDV�EHHQ�LPPHQVH�DQG�ZKROHKHDUWHG���+H�KDG�D� 
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JHQXLQH�FXULRVLW\� LQ�VFLHQFHV�RI�DOO�ILHOGV��+H�XVHG�WR�DFWLYHO\�SDUWLFLSDWH� LQ�DOPRVW�

DOO� WKH�FROORTXLXPV��DQG�$UHD�6HPLQDUV�RI�VHYHUDO� ILHOGV��KHOG�LQ�35/��ERWK�EHIRUH�

DQG�DIWHU�KLV�VXSHUDQQXDWLRQ��+H�XVHG�WR�NHHS�KLPVHOI�XSGDWHG�ZLWK�JURXQG-EUHDNLQJ�

UHVHDUFK� UHVXOWV� SXEOLVKHG� LQ� UHSXWHG� MRXUQDOV� OLNH�1DWXUH�6FLHQFH� WLOO� UHFHQWO\�� +H�

IDOOV�LQWR�WKH�FODVV�RI�D�UDUH��EUHHG��RI�VFLHQWLVWV��ZKR��XVHG��WR��SD\��PRQH\�IURP��KLV��

SRFNHW�WR�DWWHQG��ERWK�LQWHUQDWLRQDO�DQG�QDWLRQDO�FRQIHUHQFHV�RU�PHHW�IHOORZ�LQWHUQD�

WLRQDO�VFLHQWLVWV� �OLNH�3URI�5DZHU��HYHQ�DIWHU�VXSHUDQQXDWLRQ��6XFK�ZDV�KLV�SDVVLRQ�

DQG�GHGLFDWLRQ� 

3URI���*XSWD��ZDV��EHVWRZHG��ZLWK��D��JUHDW��PHPRU\�DQG��FRXOG��UHFROOHFW�YHUEDWLP��

WKH�FRQYHUVDWLRQV�WKDW�KH�KDG�KDG�ZLWK�VHYHUDO�KLJK-SURILOH�YLVLWRUV�WR�35/�RU�WKRVH�

ZKRP�KH�YLVLWHG�LQFOXGLQJ�1REHO�/DXUHDWHV��+H�KDG�D�JUHDW�VHQVH�RI�KXPRXU�DQG��LQ�

DQ�LQIRUPDO�VHWWLQJ��GLVFXVVLRQ�ZLWK��KLP�RQ�DQ\�WRSLF�ZDV�IXOO�RI�IXQ�DQG�ILOOHG�ZLWK�

LQWHUHVWLQJ�DQHFGRWHV�RI�KLV�LQWHUDFWLRQV�ZLWK�IHOORZ�VFLHQWLVWV� 

3URI��6DUDEKDL�ZDV�KLV�RIILFLDO�JXLGH�DQG�RQH�FRXOG�VHH�WKDW�RQ�DOO�WKH�GD\V�KH�FDPH�

WR�35/��KH�XVHG�WR�ERZ�KLV�KHDG�LQ�UHYHUHQFH�WR�3URI��6DUDEKDL
V�VWDWXH�DW�WKH�PDLQ�

JDWH�EHIRUH�PRYLQJ�LQ�IXUWKHU� 

3URI��*XSWD�ZDV�D� VFLHQWLVW�ZLWK�FKLOGOLNH�FXULRVLW\�DQG�KDG�D�GHHS�VHQVH�RI�GHVLUH�

DQG�SDVVLRQ�IRU�35/�DQG�DOO�LWV�DFWLYLWLHV��:LWK�KLV�GHPLVH��35/�KDV�ORVW�DQ�LOOXVWULRXV�

DOXPQXV�ZKR�KDG�GLUHFW�DVVRFLDWLRQ�ZLWK�3URI��6DUDEKDL��� 
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                                     Layers of the Earth's Atmosphere 

                         Image Credit: UCAR Center for Science Education 
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Altitude of Two-Stream Irregularities in Equatorial E
Region Using Sounding Rocket Experiments From
Thumba
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Abstract Amplitudes of two-stream irregularities and equatorial electrojet (EEJ) current are known to
peak around the same altitude. Sounding rocket-borne magnetometer experiments have consistently
shown that the EEJ current density maximizes around 105-km altitude whereas the theoretical models
predict the EEJ peak around 100 km. One of the propositions to bridge this difference in the altitude has
been based on the inclusion of small-scale turbulence (wavelength of <100 m) with the large-scale
dynamics (kilometer size). This proposition is examined based on in situ measurements of E region
electron density and plasma irregularities (two-stream and gradient-drift irregularities) obtained at
different times of the day and night. These measurements were obtained based on sounding rocket flight
experiments conducted from Thumba Equatorial Rocket Launching Station (8.54◦ N, 76.86◦ E), a facility in
the vicinity of the dip equator. Whenever two-stream irregularities are present, the minimum electrojet
current density is estimated based on the threshold velocity required for generation of these plasma
irregularities. This method provides estimates of nighttime E region current also, which is difficult to
measure. It is found that amplitudes of both two-stream irregularities and the estimated EEJ current peak
around 105-km altitude irrespective of the presence or absence of the gradient-drift irregularities at the
base of electrojet (95- to 100-km altitude).

1. Introduction
In the equatorial E region, a strong eastward current flows during daytime that is known as equatorial
electrojet (EEJ). General characteristics of EEJ have been studied based on a large number of experiments
conducted using ground-based magnetometers (e.g., Rastogi & Iyer, 1976), sounding rocket-borne magne-
tometers (e.g., Sampath & Sastry, 1979b; Sastry, 1970), magnetometers onboard satellites (e.g., Jadhav et al.,
2002; Lühr et al., 2004), and very high frequency radar (e.g., Vikramkumar et al., 1987). Excellent reviews
on this topic are available in literature (Forbes, 1981; Raghavarao & Anandarao, 1987; Yamazaki & Maute,
2017). On some occasions, the direction of electrojet current reverses to westward that is popularly known
as counter electrojet. Variations in the horizontal component of magnetic field produced by EEJ are used
to obtain the ionospheric zonal electric field (Anderson et al., 2004; Pandey et al., 2017), which plays an
important role in different ionospheric processes.

Sounding rocket-borne magnetometer experiments conducted from both Indian (Sastry, 1970; Sampath &
Sastry, 1979b) and Peruvian (Davis et al., 1967; Pfaff et al., 1997) sectors have consistently shown that the EEJ
current peaks around 105-km altitude. However, theoretical models (Anandarao, 1976; Richmond, 1973;
Sugiura & Poros, 1969) predict the peak of EEJ current to be around 100 km. This is because the Cowling
conductivity, which is responsible for the electrojet current and used in these models, maximizes around
100 km (Kelley, 2009). Many propositions (Gagnepain et al., 1977; Kelley & Ilma, 2013; Ronchi et al., 1990;
Stening, 1985) were made to resolve this difference in altitude of EEJ peak between observations and theo-
retical models. Gagnepain et al. (1977) noticed that, if the value of the electron collision frequency is taken
as four times the laboratory data, then the computed EEJ peak shifts to around 105-km altitude. Based on
the two-fluid, nonlocal theory of the gradient-drift instability, Ronchi et al. (1990) showed that the effects
of including the small-scale (scale-size of <100 m) turbulence on the large-scale (kilometer scale) dynamics
are to increase the effective electron collision frequency by a factor of 4, which was the same as suggested
by Gagnepain et al. (1977).
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The electrojet region is known (Farley, 2009; Fejer & Kelley, 1980) to host mainly two types of plasma irregu-
larities: Type I or two-stream irregularity and Type II or gradient-drift irregularity. Two-stream irregularities
are generated when electrons stream with speed more than the ion acoustic velocity of the medium (Farley,
1963). These irregularities appear in the altitude range 100–110 km (Prakash et al., 1971b) with scale sizes
1–15 m (Balsley & Farley, 1971; Prakash et al., 1969). The gradient-drift irregularities are produced when
the electron density gradient is parallel to the vertical electric field (Prakash et al., 1971a, 1972; Reid, 1968).
These irregularities can be generated almost throughout the E region (Prakash et al., 1971a) and have scale
sizes longer than 3 m (Farley, 1963). As the gradient-drift irregularities at smaller scale sizes are weaker and
difficult to obtain directly from telemetry charts, the amplitude of 30- to 300-m scale size irregularities is
taken as representative of the amplitude of these plasma irregularities (Prakash et al., 1970). Both two-stream
and gradient-drift irregularities have been studied comprehensibly using ground-based radars (Balsley &
Farley, 1971; Bowles et al., 1960; Cohen & Bowles, 1967; Hysell et al., 2007; Krishna Murthy et al., 1998; Lu
et al., 2008; Reddy et al., 1987) and sounding rocket-borne Langmuir probes (Gupta, 2000; Pfaff et al., 1997;
Prakash & Muralikrishna, 1976; Prakash et al., 1971a, 1971b).

High-resolution measurements of two-stream and gradient-drift irregularities were carried out using sound-
ing rocket-borne Langmuir probe experiments conducted over several decades from Thumba Equatorial
Rocket Launching Station (TERLS). Based on those experiments, percentage amplitudes of plasma irregu-
larities with scale sizes 1–15 and 30–300 m at different times of the day (Gupta, 2000; Prakash et al., 1971b)
and night (Gupta, 1986, 1997) were reported in literature. The percentage amplitude of 1- to 15-m irregular-
ities was obtained based on a filter and amplifier onboard rocket flight. On the other hand, the amplitudes
of irregularities at larger scale sizes (30–300 m) were obtained directly from the telemetry chart of elec-
tron density. It is to be noted that the amplitudes of 15- to 30-m irregularities were not reported in earlier
literature because of the difficulties involved in identifying the changes at this scale size directly from the
telemetry charts. The earlier studies primarily focused on the presence or absence of two-stream irregu-
larities (1- to 15-m size irregularities) and their spectral characteristics. However, no special attention has
been given to investigate the change, if any, in the altitude of two-stream irregularities in the presence or
absence of gradient-drift irregularities at the base of electrojet (95–100 km). This is probably due to the fact
that, on almost all the occasions, the gradient-drift irregularities are present below 100-km altitude (Gupta
& Prakash, 1979; Prakash et al., 1971a, 1980; Sekar et al., 2014).

In the present investigation, the dip-equatorial E region current densities are estimated corresponding to
the time of rocket flights in which two-stream irregularities are present. This method provides estimates
of nighttime dip-equatorial E region current density, which is difficult to measure (Sastry, 1970; Shuman,
1970). In addition, altitudes of the peak amplitude of the two-stream irregularities and the estimated EEJ
current density are investigated for the cases in which gradient-drift irregularities are either present or absent
at the base of electrojet (95–100 km). Results obtain are used to examine the proposition made by Ronchi
et al. (1990) that the interaction of small-scale turbulence (wavelength of<100 m) with large-scale dynamics
(kilometer size) can shift the altitude of peak EEJ to 105 km from 100-km altitude in theoretical models.

2. Data Set and Methodology
In situ measurements of altitude profiles of E region electron density and irregularities were obtained using
sounding rocket flight experiments conducted from TERLS (8.54◦ N, 76.86◦ E). These experiments were
carried out at different times of the day and night over several decades (Gupta, 2000; Prakash et al., 1970;
Sekar et al., 2014; Subbaraya et al., 1983). In the present investigation, the experiments conducted from 1960
to 1990 are considered because during this period, the dip angle over TERLS was less than 1.5◦. Among
these, only those experiments are used in which two-stream irregularities were detected. Further, these
experiments are categorized in two groups. The first group includes the rocket flights in which gradient-drift
irregularities are present at the base of EEJ (95- to 100-km altitude). The second group consists of those
rocket flights that did not detect the presence of gradient-drift irregularities at the base of EEJ.

As a representative for the first category, in which gradient-drift irregularities are present in the range of
95–100 km, the measurements from rocket flight experiments conducted at 1040 IST on 28 January 1971
are used. For the second category, in which gradient-drift irregularities are absent between 95- and 100-km
altitude, three rocket flight experiments are identified. These include one daytime flight conducted at 1532
IST on 17 August 1972 and two nighttime flights conducted at 0559 IST on 09 February 1975 and 2204
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IST on 15 March 1975. Here, IST refers to Indian Standard Time (IST = UT + 5.5 hr). Altitude profiles of
electron density and amplitudes of two-stream irregularities obtained using the experiments carried out on
28 January 1971 (Prakash et al., 1980), 17 August 1972 (Prakash et al., 1976, 1979), 09 February 1975 (Gupta,
1986), and 15 March 1975 (Gupta, 1997) are reproduced from literature. In addition, the telemetry records
of all the four rocket flights are analyzed to obtain the amplitude of gradient-drift irregularities at scale sizes
30–300 m. The records of spectrum analysis of both the daytime flights are also used to provide the amplitude
of plasma irregularity with different scale sizes between 1 and 15 m. The records of spectrum analysis for
nighttime flights are not available. These spectrum records along with the direction of background electric
field and gradient in electron density are used to establish whether the 1- to 15-m scale size irregularities
have contribution from gradient-drift irregularities. As stated in section 1, the amplitude of 1- to 15-m scale
size irregularities is obtained using an onboard filter and amplifier, whereas the amplitudes of 30- to 300-m
irregularities are obtained directly from the telemetry records. Therefore, in case of 1- to 15-m irregularities,
even the smaller amplitudes (larger than 0.5%) are taken as geophysical, whereas, for 30- to 300-m size
irregularities, the amplitudes below 3–4% are not considered significant.

Ground-based magnetograms of dip-equatorial station Trivandrum (TRD, 8.48◦ N, 76.95◦ E) and Alibag
(ABG, 18.64◦ N, 72.87◦ E) are used to obtain the magnetic field produced by EEJ current (Rastogi & Iyer,
1976). These magnetograms are obtained from World Data Centre for Geomagnetism—Indian Institute of
Geomagnetism, Mumbai, for 28 January 1971 and digitalized from Prakash et al. (1976) for 17 August 1972.
The polarity of magnetic field produced by EEJ is used to infer the direction of the zonal electric field. The
positive and negative values are taken as indicative of eastward and westward electric fields, respectively.
Subsequently, this information is used to infer the direction of the vertical electric field (Pandey et al., 2017).

As stated in section 1, two-stream irregularities are generated when electrons stream with speed more than
the ion acoustic velocity of the medium. Therefore, whenever two-stream irregularities are present, the zonal
velocity (Vd) of electrons must be

Vd > Vi(1 + 𝜓), (1)

where Vi is the ion thermal velocity and 𝜓 is given as follows:

𝜓 =
𝜈i𝜈e

ΩiΩe
. (2)

Here 𝜈 and𝛺 represent collision and gyrofrequencies with subscripts i and e representing ions and electrons,
respectively. Around 105-km altitude, the values of 𝜓 and Vi are about 0.1 and 330 m/s, respectively (Sekar
et al., 2013). This corresponds to Vd more than 360 m/s. Therefore, whenever two-stream irregularities are
present, the threshold EEJ current density (J) is determined as follows:

J = Ne · e · Vd, (3)

where Ne and e are electron density and electronic charge, respectively.

3. Results
A typical example of E region plasma measurements when two-stream irregularities are observed in the
presence of gradient-drift irregularities at the base of EEJ (below 100 km) is shown in Figure 1. These profiles
are based on sounding rocket flight experiment conducted at 1040 IST on 28 January 1971. Altitude profile
of electron density is depicted with black color solid line in Figure 1a. In addition, percentage amplitudes
of two-stream (scale size of 1–15 m) and gradient-drift (scale size of 30–300 m) irregularities are depicted
with red color solid line and blue color dots, respectively. It can be noticed that the amplitude of two-stream
irregularities peaks around 105-km altitude. Gradient-drift irregularities are present below 100-km altitude,
wherein the electron density gradient is upward (positive). The temporal variation of magnetic field pro-
duced by EEJ current on this day is depicted in Figure 1b with black color. The black arrow marked in
this figure demarcates the time of rocket flight experiment. It can be seen that, at the time of rocket flight
experiment the normal EEJ is present with a strength of about 45 nT. This indicates that the zonal elec-
tric field is eastward and the corresponding vertical electric field would be upward. Therefore, the presence
of gradient-drift irregularities below 100-km altitude (wherein the electron density gradient is upward) is
consistent with the generation mechanism of these plasma irregularities.
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Figure 1. (a) Altitude profiles of E region electron density (black) along with 1- to 15-m (red) and 30- to 300-m (blue)
scale size irregularities obtained based on sounding rocket flight experiment conducted at 1040 IST on 28 January 1971
and (b) temporal variation of equatorial electrojet (EEJ) strength obtained using ground-based magnetograms. The
black arrow indicates the time of rocket flight experiment.

The 1- to 15-m plasma irregularities can have possible contributions from both two-stream and gradient-drift
irregularities, as both two-stream and gradient-drift mechanisms can generate 3- to 15-m irregularities.
Therefore, spectrum analysis of plasma irregularities with different scale sizes between 1 and 15 m is also
looked into. The records of such spectrum analysis for the rocket flight conducted on 28 January 1971 are
depicted in Figure 2. The results of spectrum analysis around 94-, 97-, and 105-km altitudes are depicted
in left, middle, and right panels of the figure. In each panel, the scale size of plasma irregularities is in
decreasing order from top to bottom channels. The scale sizes of plasma irregularities depicted at the top
and bottom are about 10–15 and 1–2 m, respectively. It can be seen that the 10- to 15-m scale size irregular-
ities are present at all these altitudes, though in varying strengths. However, the 1- to 2- and 2- to 3-m scale
size irregularities are absent at 94 and 97 km and present around 105-km altitude. Therefore, at the time of

Figure 2. Plasma irregularities with different scale sizes between 1 and 15 m obtained based on the rocket flight
experiment conducted at 1040 IST on 28 January 1971. The scale sizes of the plasma irregularities are in decreasing
order from top to bottom. Scale sizes of irregularities (in meters) are written in the middle panel.
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Figure 3. Same as Figure 1 but for sounding rocket experiment conducted at 1532 IST on 17 August 1972.

this rocket flight experiment, the gradient-drift irregularities are present throughout 94- to 105-km altitude
range, and the amplitude of two-stream irregularities peaks around 105-km altitude.

The E region plasma measurements obtained using sounding rocket experiment conducted at 1532 IST on
17 August 1972 are depicted in Figure 3a. The altitude profile of electron density is depicted with black
color solid line. The percentage amplitudes of 1- to 15- and 30- to 300-m scale size irregularities are depicted
with red color solid line and blue color dots, respectively. It can be seen that the amplitude of two-stream
(1–15 m) irregularities maximizes around 109 km with additional peaks around 106 and 111 km. The 30- to
300-m scale size irregularities are very weak below 100-km altitude except between 94 and 95 km. It is to be
noted that the gradient in electron density is upward except in the altitude range 96–99 km. Therefore, the
presence of these irregularities around 94–95 km is not due to gradient-drift mechanism. Figure 3b depicts
the temporal variation of the magnetic field produced by EEJ current on this day. The black arrow marks
the time at which the rocket flight experiment was conducted. It is to be noted that the counter electrojet
condition is prevalent at the time of rocket flight. This indicates that, at this time, the zonal and vertical
electric fields are westward and downward, respectively. This is consistent with the absence or very weak
presence of gradient-drift irregularities during this flight.

Spectrum analysis of plasma irregularities with different scale sizes between 1 and 15 m, obtained for the
sounding rocket experiment conducted on 17 August 1972, is depicted in Figure 4. The results obtained
from this analysis around 93-, 96-, and 107-km altitudes are depicted in left, middle, and right panels of the
figure. It is to be noted that, in this case, the number of frequency channels used for the spectrum analysis
is more than those used in the case of the other daytime flight (28 January 1971). In each panel, the scale
size of plasma irregularities is in decreasing order from top to bottom channels. The plasma irregularities in
the top and bottom channels correspond to scale sizes of about 12–15 and 1–2 m, respectively. It can be seen
that irregularities at all the scale sizes are absent at both 93- and 96-km altitudes. Around 107-km altitude,
the 1- to 2- and 2- to 3-m scale size irregularities are present, but 8- to 12- and 12- to 15-m irregularities are
absent. Therefore, during this rocket flight, the gradient-drift irregularities are absent below 100 km, and
two-stream irregularities peak around 109 km with secondary peaks around 106- and 111-km altitudes.

Figures 5a and 5b depict the E region measurements reported based on sounding rocket experiments con-
ducted at 0559 IST on 09 February 1975 and at 2204 IST on 15 March 1975, respectively. In each figure, the
electron density profile is depicted with black color sold line along with the amplitudes of 1- to 15- and 30-
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Figure 4. Same as Figure 2 but based on sounding rocket experiment conducted at 1532 IST on 17 August 1972. Note
that the number of spectrum channels is more in this case.

to 300-m irregularities shown with red color solid line and blue color dots, respectively. It can be noticed
from Figure 5a that the electron density gradient is negligible in the altitude range 90–98 km. Further, the
amplitude of gradient-drift irregularities is also very small in this altitude range. In Figure 5b, the electron
density gradient is upward between ∼95- and 100-km altitude range wherein the amplitude of gradient-drift
irregularities is very small. It is to be noted that the amplitudes of two-stream irregularities in both cases
peak around 105-km altitude, though the amplitudes of gradient-drift irregularities at the base (95–100 km)
are either very small or these irregularities are absent.

The minimum EEJ current densities at times of all the four rocket flights are estimated based on equation (3).
The estimates are obtained for range of altitudes wherein two-stream irregularities are present. This is done
by using Vd value of 360 m/s and Ne at that particular altitude. The estimated zonal current density and the
altitude of its peak value for each rocket flight are listed in Table 1. The zonal current densities are estimated
to be about 9.6 μA/m2 around noon, −5.7 μA/m2 during afternoon counter electrojet event, −0.6 μA/m2 in

Figure 5. Altitude profiles of E region electron density (black) along with 1- to 15-m (red) and 30- to 300-m (blue) scale
size irregularities obtained based on sounding rocket flight experiments conducted at (a) 0559 IST on 09 February 1975
and (b) 2204 IST on 15 March 1975.
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Table 1
Estimates of Threshold Zonal Current Density and Altitude of its Peak Amplitude at the Times of Four
Sounding Rocket Flight Experiments

Time (IST) and date Zonal current density J (μA/m2) Altitude of peak J (km)
1040 on 28 January 1971 9.58 106
1532 on 17 August 1972 −5.67 108
0559 on 09 February 1975 −0.56 106
2204 on 15 March 1975 −0.44 104

predawn hours, and −0.4 μA/m2 in premidnight. It is to be noted that in all the four cases under considera-
tion, the altitude of EEJ peak and amplitude of two-stream irregularities are found to be around 105 km or
above. Implications of these results are discussed in section 4.

4. Discussion
Two-stream irregularities at 3-m scale size have been studied using ground-based radars (Hysell et al.,
2007; Krishna Murthy & Ravindran, 1994; Krishna Murthy et al., 1998; Lühr et al., 2004; Ravindran &
Krishna Murthy, 1997). As the two-stream irregularities are generated only after a threshold electric field
is reached, observations of these irregularities during counter eletrojet are sparse. Despite long history of
radar-based observations of two-stream irregularities, the presence of these plasma irregularities during
the counter electrojet conditions was noticed on only a few occasions (Crochet et al., 1979; Somayajulu
et al., 1994; Woodman & Chau, 2002). Therefore, the sounding rocket flight-based observation of two-stream
irregularities during the counter electrojet conditions at 1532 IST on 17 August 1972 is an important exper-
iment. This counter electrojet event occurred during the afternoon hours in June solstice under solar
minimum conditions that has been shown (Pandey et al., 2018) to be the time for the most frequent occur-
rence of counter electrojet events over the Indian sector. The advantage of this rocket flight experiment is
that the simultaneous observations of electron density are available along with the plasma irregularities in
different scale sizes.

In radar-based experiments, the Doppler echoes of two-stream irregularities are received from 100 to 110 km.
However, these studies cannot precisely determine the altitude of the peak amplitude of these irregularities.
The low-power radars cannot detect the presence of two-stream irregularities during nighttime due to small
electron density values. Though the high-power radars can detect the presence or absence of two-stream
irregularities at nighttime also, the altitude of the peak amplitude of such irregularities cannot be deter-
mined. Sounding rocket-borne Langmuir probe experiments are crucial to study the E region irregularities
during nighttime and for better determination of altitude of the peak amplitude of two-stream irregularities.
Therefore, the sounding rocket flight-based high-resolution measurements of E region electron density pro-
files and structures are used in the present investigation. These rocket flight experiments were conducted
during 1971–1975 when the dip angle over TERLS was between −1.1◦ to −1.0◦. Therefore, the presence
of two-stream irregularities at the times of these rocket flights is consistent with the observation made by
Sekar et al. (2013) that the two-stream irregularities are generated over Thumba when the dip angle is
less than 1.5◦.

The results obtained from four rocket flight experiments conducted at different times of day and nighttime
are depicted in Figures 1–5. Two of these rocket flight experiments were conducted in the daytime, and
the other two at night. Among the daytime flights, one (28 January 1971) was conducted under normal
electrojet conditions, whereas at the time of other flight (17 August 1972) counter electrojet conditions were
prevalent. The other two rocket flights were conducted in predawn (09 February 1975) and premidnight
(15 March 1975) hours. As stated in section 3, the gradient-drift irregularities are present below 100 km for
the flight conducted on 28 January 1971 under normal electrojet, whereas, for the flight conducted under
counter electrojet condition (17 August 1972) the 30- to 300-m scale size irregularities are absent below
100 km except for the altitude range 94–95 km. At the times of both predawn and premidnight experiments,
these irregularities are either absent below 100-km altitude or present with weak strength. Further, it is to be
noted that in all these four rocket flights, the peak amplitude of two-stream irregularities is around 105-km
altitude or above (see Figures 1, 3, and 5).
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The minimum strength of electrojet current densities on all four rocket flight experiments is estimated
(see Table 1) based on threshold velocity required for the generation of two-stream irregularities. The EEJ
current density is found to be about 9.6 μA/m2 around noon hours. This value is in the range of typical
daytime EEJ current density of about 8–14 μA/m2 measured based on sounding rocket flight experiments
(Sastry, 1970; Sampath & Sastry, 1979a, 1979b). The strength of counter electrojet current density is esti-
mated to be about −5.7 μA/m2. The current densities are estimated to be about −0.4 μA/m2 in premidnight
hours and about −0.6 μA/m2 in predawn hours. It is to be noted that it is difficult to measure (Davis et al.,
1967; Sastry, 1970; Shuman, 1970) or estimate (Pandey et al., 2016; Stening & Winch, 1987) the nighttime
E region current. It is important to note that, in all the four cases, the electrojet current maximizes around
105 km or above (see Table 1).

It is found that the peak amplitude of two-stream irregularities and electrojet current remains around
105 km or above, irrespective of the presence or absence of gradient-drift irregularities at the base of EEJ
(95–100 km). Therefore, the presence or absence of 30- to 300-m scale size irregularities at the base of elec-
trojet has no significant effect on the altitude of peak EEJ current, and it peaks around ∼105 km or above
in all four cases (see Table 1). It shows that the interaction of the small-scale (wavelength of <100 m) tur-
bulence on large-scale (kilometer size) dynamics would not result in significant shift in the altitude of peak
EEJ current.

5. Summary
Sounding rocket flight-based high-resolution measurements of E region electron density and plasma irreg-
ularities are used to estimate the threshold EEJ current density at both daytime and nighttime whenever
the two-stream irregularities are present. Based on this investigation, the following points have emerged.

1. The minimum magnitudes of current densities are estimated to be about 9.6 μA/m2 around noontime,
about 5.7 μA/m2 during a counter electrojet event in afternoon hours, 0.4 μA/m2 in premidnight, and
0.6 μA/m2 in predawn hours.

2. The presence or absence of gradient-drift irregularities at the base of EEJ (95–100 km) does not change
the altitude (∼105 km) of peak amplitude of two-stream irregularities.

3. The presence or absence of 30- to 300-m scale size irregularities does not change the altitude of peak EEJ
current. It peaks around ∼105 km or above. It shows that the interaction of small-scale (wavelength of
<100 m) turbulence on large-scale (kilometer size) dynamics would not result in significant shift in the
altitude of peak EEJ current.
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Abstract Studies made earlier using ground-based observations of geomagnetic field over the Indian
longitudes revealed that the occurrence of equatorial counter electrojet (CEJ) events in afternoon hours
is more frequent during June solstice (May-June-July-August) in solar minimum than in other periods.
In general, the June solstice solar minimum CEJ events occur between 1500 local time (LT) and 1800 LT
with peak strength of about −10 nT at around 1600 LT. In order to understand the frequent occurrence
of these CEJ events, an investigation is carried out using an equatorial electrojet model (Anandarao,
1976, https://doi.org/10.1029/GL003i009p00545) and the empirical vertical drift model by Fejer et al.
(2008, https://doi.org/10.1029/2007JA012801). The strength, duration, peak value, and the occurrence
time of CEJ obtained using electrojet model match remarkably well with the corresponding observation
of average geomagnetic field variations. The occurrence of CEJ is found to be due to solar quiet (Sq)
electric field in the westward direction which is manifested as downward drift in Fejer et al. (2008,
https://doi.org/10.1029/2007JA012801) model output during 1500–1800 LT. Further, the occurrence of
afternoon reversal of Sq electric field in this season is shown to be consistent with earlier studies from Indian
sector. Therefore, this investigation provides explicit evidence for the role of westward Sq electric field
on the generation of afternoon CEJ during June solstice in solar minimum periods over the Indian sector
indicating the global nature of these CEJ events.

1. Introduction

A strong eastward current is driven in the E region over the magnetic dip equator owing to the orthogonal
orientation of the solar quiet (Sq) electric field and the horizontal component of geomagnetic field. This cur-
rent flows within±3∘ dip latitude at around 105 km and is well known as equatorial electrojet (EEJ). In order to
characterize the EEJ, a large number of studies were extensively conducted using ground-based (Egedal, 1947;
Rastogi & Patil, 1986; Venkatesh et al., 2015), rocket-borne (Davis et al., 1967; Sastry, 1970), and satellite-based
magnetometers (Cain & Sweeney, 1973; Jadhav et al., 2002; Lühr et al., 2004; Onwumechili & Agu, 1981).
Modeling efforts were also made to simulate different characteristics of EEJ (Anandarao, 1976; Forbes &
Lindzen, 1976; Richmond, 1973; Stening, 1985; Sugiura & Poros, 1969). Excellent reviews on this topic are avail-
able in the literature (Forbes, 1981; Raghavarao & Anandarao, 1987; Reddy, 1989; Stening, 1992; Yamazaki &
Maute, 2017). The electrojet region is also known to host different types of plasma irregularities as recorded
comprehensively by earlier workers (Fejer & Kelley, 1980; Gupta, 2000; Kelley, 2009; Prakash et al., 1971).
Further, the geomagnetic field variations due to electrojet current can be taken as a proxy for electric field
variations (Rastogi & Patel, 1975) on a time scale shorter than the time scale associated with ionospheric
conductivity variation. These electric fields during magnetically quiet times are referred to as solar quiet
(Sq) electric field generated essentially by a dynamo action driven by tidal winds and hence associated with
global current system. The dip equatorial vertical plasma drifts driven by Sq electric fields are measured
directly using radar (e.g., Fejer, 1981; Woodman, 1970), Barium vapor cloud (e.g., Haerendel et al., 1967), and
ion drift meter (e.g., Hanson & Heelis, 1975) techniques. A few methodologies were described in the litera-
ture (e.g., Anderson et al., 2004; Pandey et al., 2017) to derive the zonal Sq electric field from geomagnetic
field observations.

In general, as mentioned earlier, the EEJ is eastward during daytime. On many occasions, however, the
flow was observed to be westward during the afternoon periods (Gouin & Mayaud, 1967). This is generally
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referred to as the equatorial counter electrojet (CEJ). A number of studies (Bhargava & Sastri, 1979; Patil et al.,
1990; Vichare & Rajaram, 2011; Rabiu et al., 2017) reported the occurrence of CEJ events around the globe,
and their characteristics were established. Patil et al. (1990) showed that the afternoon CEJ events over the
Indian sector occurred on a total of 110 days during the months of May-June-July-August (henceforth referred
to as June solstice) in 1964–1965 which fall under solar minimum period. This gets credence from the work
of Rastogi et al. (2014) wherein 40 years of ground-based geomagnetic field observations over Indian sector
also brought out the maximum occurrence of afternoon CEJ during June solstice in low sunspot years.

Many mechanisms were proposed to explain the occurrence of CEJ events. Gouin and Mayaud (1967) sug-
gested a possible scenario wherein there exist two counter streaming current systems at two different
altitudes, and depending on their relative strengths, the EEJ or CEJ can be generated. However, the experimen-
tal support for this hypothesis in the form of a vertical profile of current density is not available in the literature.
The effects of lunar phase variation on the occurrence of CEJ are extensively studied (Hutton & Oyinloye,
1970; Rastogi, 1974; Stening, 1989a). However, occurrence of afternoon CEJ on 25 days in a month of July dur-
ing solar minimum over the Indian sector (see Rastogi et al., 2014, for details) cannot be accounted for by the
lunar phase variation. Raghavarao and Anandarao (1980) showed that large vertical winds (∼20 ms−1) of grav-
ity wave origin can generate CEJ. However, sustenance of such winds on daily basis lasting for ∼3 h could be
difficult (Stening, 1992). Further, the effects of zonal wind and its vertical shears were shown to be mostly inef-
fective in altering the zonal current over the dip equator (Anandarao & Raghavarao, 1987; Richmond, 1973).
It is also known that the polarity of the Sq electric field can be altered (e.g., Chau et al., 2009; Fejer et al., 2010)
by the winds associated with the significant rise in temperature (known as sudden stratospheric warming or
SSW) in the polar stratosphere in the winter hemisphere (Schoeberl, 1978) owing to disruption of polar vortex
of westerly winds. This can lead to occurrence of CEJ during SSW events (Sridharan et al., 2009). However, the
effects of SSW are pronounced in local winter (Schoeberl, 1978), and hence, frequent occurrence of CEJ in June
solstice is not likely to be of SSW origin. Therefore, these mechanisms cannot successfully account for the char-
acteristics of CEJ events in June solstice over the Indian sector. Though space weather events like disturbance
dynamo (Blanc & Richmond, 1980), overshielding (Kobea et al., 2000), and substorm (Kikuchi et al., 2003) also
produce CEJ, however, the present study is focused on the occurrence of CEJ during geomagnetically quiet
conditions. The abnormal depressions in horizontal magnetic field over the dip equatorial stations, similar to
the magnetic field signatures of CEJ events, were correlated with f oF2 variation by Onwumechili and Akasofu
(1972). Although those observations were in another season (December solstice) and may have a common
driver, these authors did not explicitly discuss the possible role of Sq electric field. In addition, these authors
(Onwumechili & Akasofu, 1972) did not remove off-equatorial magnetic field in their work, which was shown
in later years (Rastogi, 1975) to be essential to ascertain CEJ events. In another investigation, the possibility of
CEJ being part of global current system was discussed by Gurubaran (2002). However, in the investigation of
Gurubaran (2002), the alteration of Sq electric fields was not explicitly discussed.

Taking into account of the facts that the Sq electric field pattern changes with season and the occurrence of
CEJ events maximizes over the Indian sector during June solstice in solar minimum years, an investigation is
carried out to establish the connection between polarity change in diurnal variation of Sq electric field and the
occurrence of these CEJ events. This is done by computing the E region current densities and the correspond-
ing horizontal magnetic field induced at ground using electrojet model by Anandarao (1976) (methodology
described in section 2) providing inputs (described in section 2.1) corresponding to June Solstice in solar min-
imum years. Details of magnetic field observations used to compare with the magnetic field computed from
model results are described in section 3. The results obtained are presented in section 4 and discussed in
detail in section 5.

2. Methodology

A first principle model to compute the E region current densities was developed by Anandarao (1976) by solv-
ing generalized Ohm’s law, current conservation equation along with curl-free electric field condition. These
equations were reduced to a differential equation involving a current function and its derivatives in spheri-
cal polar coordinate system. This differential equation was solved numerically to compute the components
of electric fields to obtain the zonal current density (J𝜙) using the following equation.

J𝜙 = 𝜎H

(
Er cos I − E𝜃 sin I

)
+ 𝜎PE𝜙 (1)
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Figure 1. Inputs to the electrojet model (a) Vertical drifts (left Y axis) over 60∘E longitude from Fejer et al. (2008) and the
corresponding zonal electric field (right Y axis). (b) Altitude profiles of electron density (Ne) at different local times.
The solid bold line represents the averaged electron density profile based on the measurements conducted from
Trivandrum during 1000–1400 local time (LT) under low (⟨F10.7⟩ ≤ 120 sfu) solar activity periods. The other profiles are
generated based on the solar zenith angle (𝜒 ) variation (see text for details).

where 𝜎H, 𝜎P , Er , E𝜃 , E𝜙, and I are conductivities in Hall and Pedersen directions; electric fields in radial, merid-
ional, and zonal directions; and dip angle, respectively. The details of the model can be obtained from the
earlier works of Anandarao and Raghavarao (1987) and Raghavarao and Anandarao (1987). In the present
work, the average values of zonal current densities between 0930 local time (LT) and 1730 LT during June
solstice in solar minimum years over the Indian sector are computed based on equation (1).

A method to evaluate the horizontal component of magnetic field induced (Hind) at ground by this current
system is described by Anandarao (1977) based on Biot-Savart’s law.

Hind =
𝜇0C

2𝜋r

[
(r∕a) sin 𝜃 − 1

(r∕a)2 + 1 − 2(r∕a) sin 𝜃

]
, (2)

where C represents the line current obtained by integrating the current density J𝜙 over the radial distance r
and the magnetic colatitude 𝜃 in a geocentric coordinate system (C = ∫r ∫𝜃 J𝜙 dr d𝜃). The symbol “a” denotes
the radius of Earth. Using the above equation, the average horizontal component of the induced magnetic
field is computed for LT between 0930 and 1730 h during June solstice in solar minimum period over the
Indian sector.

2.1. Inputs to the Electrojet Model
The inputs to the electrojet model are zonal Sq electric field, altitude profiles of E region electron density, neu-
tral atmospheric density, and temperature, in addition to the three-dimensional geomagnetic field. The neu-
tral atmospheric density and temperature are obtained from Naval Research Laboratory Mass Spectrometer
Incoherent Scatter Extension-00 (NRLMSISE-00; Picone et al., 2002) model, and the geomagnetic field is taken
from International Geomagnetic Reference Field-12th generation (IGRF-12; Thébault et al., 2015) model.

The systematic ground-based measurements of Sq electric field over India covering all local times and seasons
are not available because of the absence of incoherent scatter radar in this sector. Based on in situ measure-
ments of vertical drifts obtained using ion drift meters onboard AE-E and ROCSAT-1 satellites, Scherliess and
Fejer (1999) and Fejer et al. (2008), respectively, developed global empirical models of vertical drifts. Recently,
based on the scattered data that were available, Pandey et al. (2017) showed that the vertical drifts reported
by Fejer et al. (2008) model corresponding to 60∘E longitude (with ±15∘ longitude and ±5∘ dip latitude bin)
represent the vertical drifts over the Indian sector fairly well at different local times of the day barring early
morning hours. Therefore, the Sq electric fields at different local times are obtained based on climatological
vertical drifts of Fejer et al. (2008) model. Figure 1a depicts these vertical drifts during June solstice in low solar
flux conditions (F10.7 ≈ 130 sfu). This is based on Figure 7 of Fejer et al. (2008) empirical model correspond-
ing to 60∘E longitude sector. The input zonal Sq electric field is then obtained by taking the cross product of
vertical drift with and Earth’s horizontal magnetic field (∼37,400 nT) over Trivandrum (TRD).
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Figure 2. The contours of isocurrent densities (in μAm−2) in the zonal direction, obtained from electrojet model in
altitude dip latitude plane corresponding to inputs at different local times. Note that the solid and dashed whorls
represent the positive (eastward) and negative (westward) values of current density, respectively. The current density
values are shown on each contour with the maximum value marked at the center. LT = local time.

The input of E region electron densities to the model is based on the in situ measurements (Gupta, 2000;
Subbaraya et al., 1983) that have been obtained using high-frequency Langmuir probe (Prakash & Subbaraya,
1967) onboard rocket experiments, conducted over TRD at different local times between 1968 and 1982. It
is noticed that electron density profiles over the electrojet altitudes (90–110 km) do not reveal significant
temporal variation during 1000–1400 LT for a given solar epoch. Therefore, electron density profiles mea-
sured between this time interval under low solar epoch (⟨F10.7⟩ ≤ 120 sfu, where ⟨F10.7⟩ stands for annually
averaged F10.7) are averaged and used as representative profile at noon (shown in Figure 1b). Since in situ
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Figure 3. The hourly variations of equatorial electrojet (EEJ) strength
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by black curve. The 1𝜎 variation for each point is also indicated with vertical
bars. The red curve corresponds to the magnetic field strength computed
using EEJ model. LT = local time.

electron density profiles are not available at all local times, the empiri-
cal relationship between the electron density and solar zenith angle (𝜒 )
through cos1.31∕2(𝜒) (IRI-90, Bilitza, 1990) is used along with the measured
averaged noontime density profile to generate electron density profiles
during 0930–1730 LT (see Figure 1b).

3. Details of Ground-Based Magnetic Field Observations
Used for Comparison With Model Results

In order to compare the computed magnetic field (based on equation (2))
with the observations of electrojet strength, the ground-based mag-
netic field observations over India are utilized. The observations of hor-
izontal component of geomagnetic field (H) from an equatorial (eq)
and off-equatorial (off-eq) stations are conventionally used to extract
the strength of EEJ (Rastogi & Patel, 1975). This is done by computing
ΔHeq − ΔHoff-eq where ΔH is obtained by subtracting average values of H
at nighttime from instantaneous H values. The geomagnetic field obser-
vations from an equatorial station TRD (8.5∘N, 76.9∘E, dip latitude 1∘S)
and off-equatorial station Alibag (ABG, 18.6∘N, 72.9∘E, dip latitude 10∘N)
are utilized to compute the strength of electrojet. The hourly variations of
geomagnetic fields on quiet days (Kp≤ 3 and DST ≥−20, with similar con-
ditions on previous day to avoid the effects of disturbance dynamo), are
obtained from World Data Center Kyoto (http://wdc.kugi.kyoto-u.ac.jp/).
For the present study, the differential horizontal geomagnetic field vari-
ations on 235 quiet days covering 6 years during June solstice months

in solar minimum periods (⟨F10.7⟩ ≤ 120 sfu) are considered. These 235 days are spread over ascending
(1985–1987) and descending (1993–1995) phases of solar cycle 22.

4. Results

The model-generated contours of isocurrent densities along the zonal direction in altitude dip latitude plane
are depicted in Figure 2 at various local times. The strength of zonal current density (J𝜙 in units ofμAm−2) is also
shown on each contour with the maximum value marked at the center. Based on the sensitivity studies carried
out with various model inputs, the uncertainty in current density was found to be less than 18% (Pandey et al.,
2016). The contours of current density plotted with solid and dashed lines correspond to the positive (east-
ward) and negative (westward) values of current density, respectively. It is to be noted that eastward electrojet
peaks around 1030 LT. The flow of current becomes westward between 1430 LT and 1530 LT, and it remains
so till 1730 LT. The peak of westward current density in general is found to be ∼−1 μAm−2 between 1530 LT
and 1630 LT.

The horizontal components of magnetic field induced at ground by the electrojet currents are computed
based on equation (2). The computation is carried out for every 15 min interval from 0930 LT and 1730 LT.
Figure 3 depicts the computed variations of magnetic field (red curve with dots). The observed hourly varia-
tions of ΔHTRD − ΔHABG for 235 quiet days during June solstice in solar minimum periods are also shown in
the figure as the blue and gray curves corresponding to normal EEJ and afternoon CEJ days, respectively. Out
of these 235 quiet days of observations, CEJ occurred during 1500–1800 LT on 194 days. In order to generate
a quiet time average variation of ΔHTRD −ΔHABG, all the 235 quiet days (including both normal EEJ and after-
noon CEJ days) are considered. This average curve is depicted in black with dots indicating hourly intervals.
In addition, the 1𝜎 variation for each point is indicated with vertical bars.

It is evident from Figure 3 that the model computed and mean of observed magnetic fields match well (within
1𝜎 variation) between 0930 LT and 1730 LT. The peak magnetic field values corresponding to eastward elec-
trojet occur ∼1030 LT in both computed and observed values. On an average, CEJ events occur between
1500 LT and 1800 LT with peak (∼ −10 nT) occurring around 1600 LT. In spite of using averaged inputs
from different sets of data (see section 2), remarkable similarities are observed between the computed and
mean observed values of magnetic field during CEJ hours (∼1500–1730 LT). The time of commencement
and the duration of CEJ obtained from the model computations closely follow the respective observations.
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Further, the strength of peak CEJ and its time of occurrence obtained from model computations are almost
the same as those from observations. The implications of these results are discussed in the following section.

5. Discussion

From Figures 1a and 2 it is clear that the reversal in electrojet takes place when the Sq electric field becomes
westward. It is to be noted that the peak of the current density (see Figure 2) and the magnetic fields
(see Figure 3) corresponding to normal electrojet are found to be at the same time (∼1030 LT) when the zonal
Sq electric field from empirical model (Fejer et al., 2008) maximizes (see Figure 1a). Incidentally, the local time
corresponding to the monthly mean of Sq focii over the Indian sector during June solstice in solar minimum
period was found to be around 1030 LT (Vichare et al., 2017). However, in afternoon hours, local time corre-
sponding to the peak of CEJ current (∼1630 LT) does not coincide with the time when westward Sq electric
field maximizes (∼1730 LT). This is due to considerable amount of decrease in electron density with 𝜒 varia-
tion after 1630 LT (see Figure 1b) that results in reduction of CEJ strength after ∼1630 LT. Hence, the time of
peak westward current is determined from the optimum values of zonal Sq electric field and electron density.

The average characteristics of CEJ events (strength, duration, peak value, and its time of occurrence) reported
by earlier studies (Patil et al., 1990; Rastogi et al., 2014) pertain to different solar cycles and are similar to
the observations presented in Figure 3. Further, the results obtained in the present work using electrojet
model have exceptional similarities with these observations. However, on some occasions, the amplitude of
CEJ is observed to be substantially larger than 1𝜎 compared to averaged CEJ strength and commencement
of some of CEJ events is at earlier local times (<1500 LT). These aspects are discussed later. It is clear from
Figure 2 that depending on the polarity of the zonal Sq electric field being eastward or westward, the EEJ
or CEJ appears. Thus, it is important to know the polarity of the zonal Sq electric field in afternoon hours.
Fejer et al. (2008) model, employed in the present investigation, reveals westward Sq electric field during
1500–1800 LT in June solstice in solar minimum over Indian longitude. Considering the smaller values of
westward Sq electric field after ∼1500 LT and the uncertainties (less than 10% particularly during daytime)
associated with the Fejer et al. (2008) model, additional clues for the westward Sq electric fields during after-
noon hours in this season over the Indian region are gleaned from the earlier works and discussed in the
ensuing subsection.

5.1. Earlier Observations That Indirectly Support Westward Sq Electric Field During Afternoon Hours
Various earlier measurements that indicate the westward Sq electric field in afternoon hours over the Indian
sector during June solstice in solar minimum periods are described in the ensuing paragraphs.

The vertical Doppler drifts from the radar echoes due to the presence of plasma irregularities at 150 km region
act as a proxy to zonal Sq electric field (Chau & Woodman, 2004; Kudeki & Fawcett, 1993). These measurements
have been extensively used over the Peruvian sector (Hui & Fejer, 2015). Over the Indian sector, such measure-
ments of the vertical drifts over Gadanki (13.5∘N, 79.2∘E, dip latitude 6.5∘N) are reported by Pavan Chaitanya
et al. (2014) and Patra et al. (2014). Patra et al. (2014) reported the vertical drifts for 4 days during July–August
2009 that indicate downward trend at ∼1500 LT. As the radar observational time was limited to ∼1500 LT, the
westward Sq electric field could not be ascertained on most of the cases beyond this local time. However, on
one occasion, simultaneous measurements of vertical drifts using in situ measurements by Communication/
Navigation Outage Forecast System (C/NOFS) satellite and 150 km echo revealed westward electric field at
∼1400 LT. On this CEJ day, continuous operation of radar revealed westward electric field till the end of the
observation (∼1530 LT). Some of the earlier reversals seen in Figure 3 can be accounted by westward elec-
tric field similar to this measurement. Further, Pavan Chaitanya et al. (2014) reported observations of 150 km
echoes during 5 months in 2009 for a few consecutive days in each month. It is noticed from their observa-
tions that, on an average, the vertical drifts are close to 0 or negative ∼1500 LT in June and July months and
show decreasing trend around this time. Note that the decreasing trend in afternoon hours in months other
than June solstice (e.g., December month) was not observed by both Pavan Chaitanya et al. (2014) and Patra
et al. (2014). Thus, these case studies give credence to the presence of westward Sq electric fields in afternoon
hours during June solstice in solar minimum period.

The polarity of Sq electric field can also be inferred from the measurements of E region electron density pro-
files and structures in them (Pandey et al., 2017). Recently, Pandey et al. (2017) have shown that the polarity
of zonal Sq electric field and the limiting values of the drift deduced from such measurements match well
with the empirical model of vertical drift (Fejer et al., 2008). Based on a rocket flight experiment conducted
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at 1554 LT on 17 August 1972 from TRD, Prakash et al. (1976) reported that the streaming waves were present
on a CEJ day around 105–110 km and amplitudes of irregularities at altitudes below 100 km were found to
be of the order of nongeophysical noise level (∼0.5%) and thus considered by them as absence of irregulari-
ties. However, over the Indian region, the gradient drift waves are in general observed above 87 km in positive
gradient region (Sekar et al., 2014), where electrojet current is negligible due to low value of R (ratio of Hall to
Pedersen conductivities) (Pandey et al., 2016). Thus, the absence of gradient drift waves in the positive gradi-
ent region at very low altitudes (∼90 km) indicates toward the westward Sq electric field on that day. Further,
the presence of streaming waves above 105 km altitude indicates that the downward drift corresponding to
zonal Sq electric field was more than the limiting value of 12 ms−1 (Pandey et al., 2017). Thus, the Sq elec-
tric field can be westward and with large amplitude on some occasions during afternoon in June solstice
under solar minimum periods. This can account for large deviations (more than 1𝜎) in the amplitude of CEJ
as observed on some occasions compared to the averaged CEJ strength depicted in Figure 3. Thus, the above
set of observations provides another evidence for the presence of westward Sq electric field during daytime
on a CEJ day.

The strength of Sq electric field can also be gauged from the morphology of the latitudinal location of the peak
of ionization. The latitudinal distribution of ionization in low-latitude F region is controlled by plasma foun-
tain effect. The equatorial plasma fountain is due to eastward Sq electric field pumping up the plasma from
equatorial region vertically upward, which subsequently diffuses along the geomagnetic field with the mod-
ulation due to meridional wind to form a crest region over low latitudes (Hanson & Moffett, 1966). However,
the location of the crest region of equatorial plasma fountain depends on the strength of zonal electric field
(Anderson, 1973). The stronger eastward electric field shifts the crest of plasma fountain further away from the
dip equator. Several works reported strong correlation between integrated EEJ strength and the development
of plasma fountain (Aggarwal et al., 2012; Raghavarao et al., 1978; Rama Rao et al., 2006; Rush & Richmond,
1973). This correlation was also observed in total electron content (TEC) variations reported by earlier workers
(e.g., Iyer et al., 1976), though seasonal dependence of TEC under different solar epochs is sparse (Rama Rao
et al., 2006; Yadav et al., 2013). In one such work by Rama Rao et al. (2006), the monthly mean values of TEC at
different latitudes over India are reported. The crest location of TEC during 2004, which is in the descending
phase of solar cycle 23 (⟨F10.7⟩ ≤ 110 sfu), is found to be at∼12∘N dip latitude. It can be noticed from Figure 7
of their work that the TEC values peaked for a short interval of time around noon and fall off sharply after-
ward during June–July compared to other months. The noontime peak in TEC indicates that zonal Sq electric
field peaks around 1000–1030 LT as it takes about 2 h (Sanatani, 1966) to diffuse to the location of 12∘N dip
latitude. In addition, sharp decrease in TEC after noon indicates sharp decrease in zonal electric field. Further,
the location of peak TEC was shown not to exceed beyond 6∘N dip latitude during afternoon hours in June
solstice, indicating that the zonal Sq electric field was relatively weak. Thus, the morphological variations of
TEC over India indicate the decreasing trend of Sq electric field in the afternoon hours during June solstice in
solar minimum periods. Since the latitudinal extent of EEJ is limited (±3∘), the correlation between EEJ and
plasma fountain obtained by these workers indicates the common role of Sq electric field in controlling both
the phenomena.

An indirect inference of earlier (afternoon) reversal of Sq electric field can be obtained from the magnetic field
observations at the focii of Sq current system. Based on geomagnetic field observations using chain of mag-
netometers during low solar activity (⟨F10.7⟩ < 90 sfu) years 2006–2010, Vichare et al. (2017) reported that
the local time corresponding to monthly mean of focii of Sq current system over the Indian sector during June
solstice occurs earlier (∼1030 LT) compared to other seasons. Interestingly, the time of maximum eastward
electric field corresponding to vertical drifts over Indian sector reported by Fejer et al. (2008) model is also
earlier (∼1030 LT) in June solstice compared to other seasons. These observations are consistent with mor-
phological variations of TEC observations discussed earlier. As the maximum of Sq current is observed earlier,
it is expected that the descending phase of diurnal tide starts early during this season. Under these conditions,
the contributions from components other than diurnal tides can govern the Sq current system and hence
the zonal electric field depending upon the relative magnitudes and phases of diurnal and higher-order tidal
components. These aspects can result in small or opposite polarity of zonal Sq electric field in afternoon hours
during June solstice compared to other seasons.

A chain of magnetic field observations can also provide a clue to the polarity of the Sq electric field. Based
on the principal component analysis of geomagnetic field variations measured using a chain of magnetome-
ters over Indian region during June–July 1995, Gurubaran (2002) reported that the second harmonic plays
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a crucial role in the occurrence of CEJ in afternoon hours. The author (Gurubaran, 2002) also showed that
on days of afternoon CEJ, a clockwise current system (located ∼20 dip latitude in afternoon hours) owing to
higher harmonics is superposed on the normal counterclockwise Sq current vortex (located ∼30 dip latitude
at noon) due to primary component. The author wondered whether CEJ is a part of global current system.
Bhattacharyya and Okpala (2015) applied a similar analysis to quiet time geomagnetic field variations
between 1999 and 2012 and reported that second and third harmonics contribute to the occurrence of CEJ
events. In recent investigation, Bhardwaj and Subba Rao (2017) showed that the higher harmonics are associ-
ated with clockwise current system in afternoon. Therefore, the studies by Bhattacharyya and Okpala (2015)
can also be taken to produce clockwise current cell in the afternoon. Thus, the results obtained from these
systematic magnetic field variations measured using a chain of magnetometers over Indian region indicate
toward formation of a counterclockwise current cell in morning and clockwise current cell during afternoon
hours on CEJ days in addition to normal counterclockwise current cell. This can be taken as a support for east-
ward Sq electric field in morning hours and westward Sq electric field during afternoon hours at least during
the periods of June solstice in solar minimum.

5.2. Possible Reason for Westward Sq Electric Field in Afternoon Hours
Section 5.1 provides alternate evidences for westward Sq electric field around 1500–1800 LT during June
solstice in solar minimum periods that are consistent with the results of Fejer et al. (2008) for the Indian sector.
Possible reason for this westward Sq electric field is discussed below.

Simultaneous long-term (1993-2011) observations of mesospheric winds by medium frequency (MF) radar
at Tirunelveli (8.7∘N, 77.8∘E), a station close to the dip equator over India, and the strength of EEJ using geo-
magnetic field observations revealed that the second principal component acts as proxy for the occurrence of
CEJ with enhanced tidal activities during solar minimum year when the occurrence of CEJ is more (Gurubaran
et al., 2016). However, the role of relative strengths of diurnal and semidiurnal tides particularly during June
solstice in solar minimum periods for the generation of CEJ is not clear from this work. Month-to-month vari-
ations of tidal amplitudes of mesospheric winds over TRD obtained using a meteor radar from June 2004 to
May 2005 (descending phase of solar cycle 23, ⟨F10.7⟩ ≤ 110 sfu) are reported by Deepa et al. (2006). It is
observed from Figures 9 to 14 of their work that the semidiurnal amplitudes are found to be larger than corre-
sponding diurnal amplitude in meridional direction in the altitude region 94–98 km during the June solstice
months. The phase difference between meridional diurnal and semidiurnal tides was found to be around 12 h
in the altitude region 94–98 km in this solstice barring the month of June. Possible role of semidiurnal tides
on equatorial quiet time vertical ion drifts measured by C/NOFS satellite was indicated by Stoneback et al.
(2011) based on measurements over the Indian sector during deep solar minimum period (2008–2010) of
solar cycle 23. Further, when semidiurnal tide is effective and contributes to the generation of afternoon CEJ,
it is expected to cause eastward electric field influence around midnight hours. This aspect is confirmed by
the premidnight ascent of F layer and upward ion drift observed by C/NOFS over the Indian sector during
June solstice in deep solar minimum years 2008–2009 (Chakrabarty et al., 2014). These aspects are in support
of role played by the semidiurnal tides during June solstice.

In theoretical studies (Forbes & Lindzen, 1976; Hanuise et al., 1983; Marriott et al., 1979) with assumptions
of concentric geomagnetic and geographic equator and reduced amplitude of diurnal components, the fea-
tures of CEJ are modeled by combination of symmetric semidiurnal tides. The observational support for the
second assumption was provided by Sridharan et al. (2002) wherein a reduction in the diurnal tidal compo-
nent and/or enhancement in semidiurnal amplitude was reported on afternoon CEJ days during June–July
months in 1995 observed over Tirunelveli using MF radar and chain of magnetometers simultaneously. On
the other hand, Stening (1989b) reproduced many features of CEJ by introducing antisymmetric semidiur-
nal tidal components. Numerical simulation of simultaneous Sq current and CEJ using different combinations
of semidiurnal and diurnal tidal components is beyond the scope of this manuscript. However, based on
earlier simulation works discussed above and the observational support on tidal winds from recent times,
it appears that the semidiurnal tides play a crucial role in altering Sq electric field, which is shown by the
present investigation to be essential to cause CEJ during June solstice in solar minimum periods over the
Indian region.

Finally, the present investigation brings out the important consequence of the westward Sq electric fields
that were obtained by Fejer et al. (2008) empirical model over Indian longitudes during June solstice in solar
minimum in the generation of CEJ. Though the process appears to be obvious, the present work reproduces
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all the observed CEJ characteristics remarkably well. Further, if the Sq electric field is responsible for the gen-
eration of CEJ, the requirement (Stening, 1977) of a separate return current becomes superfluous. Therefore,
the present investigation suggests that these CEJ events are part of a global current system. As the present
work is not exhaustive covering all the seasons and solar epochs, the other suggested mechanisms discussed
in section 1 are not precluded.

6. Summary

An investigation was carried out using an EEJ model and the inputs based on measurements and empirical
model of vertical drift to understand frequent occurrence of CEJ events in afternoon hours over the Indian
sector during June solstice in solar minimum period. The occurrence of CEJ is shown to be due to the west-
ward Sq electric field between 1500 LT and 1800 LT. The empirical model-based westward Sq electric field is
substantiated by various earlier observations from India. The magnetic field derived from the electrojet model
is compared with the corresponding magnetic observations from India. The comparison revealed that the
strength, duration, peak value, and the occurrence time of CEJ computed by the model match well with the
observation, suggesting the explicit role of westward Sq electric field in the generation of these CEJ events.
Therefore, the present investigation suggests that afternoon CEJ events over the Indian sector during June
solstice in solar minimum periods are part of the global current system.
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A B S T R A C T

The threshold vertical plasma drifts and their polarities are inferred from E-region irregularities reported earlier
using different experiments conducted from India during geomagnetically quiet time. In addition, the hourly
variations of magnetometer data sets are used in conjunction with an equatorial electrojet model (Anandarao,
1976) to deduce the vertical drifts around noon time (10:00–140:00 LT). These results are then compared with
the vertical drifts presented by empirical models (Scherliess and Fejer, 1999; Fejer et al., 2008a) corresponding
to the E60° longitude sector. In general, the vertical drifts presented by empirical models are consistent with
those inferred from snapshot measurements of E-region irregularities at different local times of the day except
around sunrise hours. Further, the vertical drifts presented by Fejer et al. (2008a) model match fairly well with
seasonally averaged vertical drifts deduced (within σ1 variation) using magnetometer data. A time difference is
noticed between occurrence of pre-reversal enhancement in vertical drifts over India reported earlier using
different techniques and Scherliess and Fejer (1999) model. Probable reason for the time difference is discussed.
The occurrence characteristic of afternoon equatorial counter electrojet in June solstice during low solar epoch
is consistent with the drifts obtained from empirical models. The seasonally averaged vertical drifts during
nighttime reported earlier using ionosonde/HF radar experiments are not consistent with the presence of
streaming plasma waves on a few occasions. Further, nocturnal vertical drifts are systematically under-
estimated and probable reason for this is discussed.

1. Introduction

It is well known that the solar quiet (Sq) time electric field (E) is
generated in the E-region of ionosphere by dynamo action. Sq electric
fields over low latitude regions are mapped to the dip-equatorial F-
region where they cause electrodynamic drifts of the plasma, V =

B
E B×

2 ,
B being the strength of the geomagnetic field. Therefore, the E-region
zonal electric field (Ex) is treated as driving agency for the vertical drift
(Vz) in the F-region. The vertical drifts are known (Fejer, 1981) to be
upward during daytime and downward in nocturnal hours under
geomagnetically quiet periods. The diurnal variations of vertical drifts
in different seasons over the Peruvian sector had been presented (e.g.,
Woodman, 1970) in the past using highly accurate (better than 2 ms−1)
measurements of Vz obtained with Incoherent Scatter Radar (ISR) at
Jicamarca.

The low latitude ionosphere is characterized by several large scale
plasma processes, like equatorial electrojet, plasma irregularities
(streaming and gradient drift waves) associated with it, plasma
fountain, plasma bubbles, etc. The generation and evolution of all

these processes depend on the strength and/or polarity of Sq electric
field. Hence, in order to address the low latitude ionospheric processes
in a comprehensive manner, it is important to know the variations in
Sq electric field in different seasons and solar cycles. In absence of ISR
over the Indian sector, the vertical drifts or zonal electric fields had
been traditionally deduced (refer Section 2) based on ionosonde, phase
path sounder, HF Doppler radar and magnetometer measurements.
Considering the fact that each of these techniques come with its own
limitations and uncertainties (discussed later), it is important to
evaluate the consistency of the vertical drifts derived from different
techniques with those obtained from global empirical models already
available. This will help not only to understand the merits and demerits
of individual techniques in a better way but also to evaluate the
applicability of global models of vertical drifts to accurately capture the
ionospheric processes over the Indian sector.

As already stated, each technique used to derive the vertical drift
comes with its own limitation(s). For example, in an ionosonde
experiment the recorded movement of ionospheric F-layer along the
vertical direction can be due to production by photo-ionization and/or
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loss by chemical recombination and/or by electrodynamic processes.
The presence of all the three processes during daytime makes it difficult
to compute the vertical drifts from the recorded layer movements. But,
during nighttime, when plasma production is negligible in absence of
solar ionizing radiation, the vertical drifts are deduced from the
temporal movement of F-layer (apparent drift) after correcting for
the layer movement due to chemical loss. Further, for layer movements
above 300 km altitude the difference between electrodynamic and
apparent vertical drifts arising due to recombination processes is
shown (Bittencourt and Abdu, 1981; Krishna Murthy et al., 1990) to
be negligible.

The measurements of Vz during twilight time and their nocturnal
variations have been reported earlier (refer Section 2) using several
experiments conducted from Trivandrum (TRD, N8.5° , E76.9° ). In
addition, the threshold value and polarity of vertical drift can be
deduced from the presence/absence of E-region irregularities (stream-
ing and gradient drift waves) reported earlier (refer Section 2) at
different local times of the day using sounding rocket flight and VHF
radar experiments over TRD.

A number of works reported in the past provided snap-shot as well
as seasonally averaged vertical drifts. In the present work, an attempt is
made to consolidate the measurements of vertical drifts made by a few
techniques from the Indian dip-equatorial stations and compare them
with the drifts presented by global empirical models of Scherliess and
Fejer (1999) and Fejer et al. (2008a) (henceforth Scherliess-99 and
Fejer-08), to investigate their consistencies over the Indian sector.
Further, considering the fact that in empirical models the vertical drifts
have been averaged over at least ± 5° dip-latitude, the vertical drifts
presented earlier using ionosonde and HF radar techniques over
Kodaikanal (KDK, N E10.3° , 77.5° ), whose dip-latitude is less than
1.5°, are also used for this comparison. In addition, the vertical drifts
around noon hours are deduced using seasonally averaged hourly
variation of magnetometer data in conjunction with an equatorial
electrojet model (Anandarao, 1976) and used for this comparison.

2. Details of the dataset

In the present investigation, the average F-region vertical drifts
measured during nighttime from ionosonde (Sastri, 1984; Subbarao
and Krishna Murthy, 1994; Krishna Murthy and Hari, 1996; Madhav
Haridas et al., 2015), phase path sounder (Ramesh and Sastri, 1995;
Sastri, 1996) and HF Doppler radar (Nair et al., 1993) experiments are
used. Further, the electric fields deduced from E-region irregularities
during day and night are also utilized. As the equatorial vertical drifts
are sensitive to geomagnetic conditions (Fejer et al., 2008b), the
present work pertains to only the quiet time conditions with Ap < 30
and/or Kp ≤ 3. The available observational data sets span over five
decades (1957–2008) involving solar flux variations during several
solar cycles. The solar flux levels of F sfu< 13010.7 and F sfu> 16010.7 are
respectively considered to represent the low and high solar epochs
similar to those considered by the empirical models.

The observations with different time axes are converted into a
single time format corresponding to the local time (LT) at TRD
(longitude E76.9° ). The observations are classified into three seasons,
namely, December solstice (November–December–January–
February), equinox (March-April, September-October) and June sol-
stice (May–June–July–August) similar to the seasonal classifications
followed in Scherliess-99 and Fejer-08.

The ionosonde observations of F layer movement reported by
Subbarao and Krishna Murthy (1994) are converted into vertical
plasma drift after correcting for chemical recombination effects based
on their work. Further, apparent drifts reported by Sastri (1984) using
ionosonde observations over KDK during 1957–1959 can be treated as
electrodynamic drifts since the layer heights are well above 300 km
during solar maximum.

The vertical drifts have been reported using phase path sounder

over KDK (Ramesh and Sastri, 1995; Sastri, 1996) and Doppler radar
over TRD (Nair et al., 1993) operated at 4 MHz and 5.5 MHz respec-
tively. As the altitudes of reflecting layers, corresponding to these high
operative frequencies, were considered to be well above 300 km during
pre-midnight hours, no explicit corrections for the recombination
losses were made in those results.

The presence of streaming and gradient drift waves was reported
using back scatter radars operated from TRD in HF (18 MHz) (Tiwari
et al., 2003) and VHF (54.95 MHz) (Prakash and Muralikrishna, 1976)
frequencies. The limiting values of plasma drifts using threshold
condition of streaming waves (refer Section 3) and their polarities
from Doppler shift are deduced. The plasma drifts deduced from the E-
region structures (e.g., Reddy et al., 1987; Viswanathan et al., 1987)
are not considered in the present work, as the calibration factors to
convert them to ambient plasma drifts are not available.

The in-situ measurements (e.g., Prakash et al., 1971; Gupta, 2000)
of electron density profiles and structures in them had been obtained
using high frequency Langmuir probes (Prakash and Subbaraya, 1967;
Subbaraya et al., 1983, 1985) on board rocket flight experiments.
Those were conducted over TRD at different local times of the day
covering different seasons under high and low solar epochs. The
generation processes of electron density structures depend on the
ambient electric fields. As mentioned earlier, the limiting plasma drifts
are deduced from the presence of streaming waves. In addition, the
observed gradient in the altitude profile of electron densities and the
presence/absence of gradient drift waves are used to deduce the
polarity of vertical electric field from which the direction of zonal
electric field is inferred, as these two components are related over the
dip-equator.

The vertical drifts deduced from the observations of E-region
structures, mentioned above, under high and low solar epochs are
summarized in Tables 1 and 2 respectively. The Tables provide limiting
values of vertical drift for the presence of streaming waves (> + 12 ms−1

during daytime, < − 12 ms−1 during nighttime) while the inverse
conditions are taken for their absence. Further, for the time interval
when streaming waves have been detected on some days and found
absent on some other days the vertical drift are indicated with
∼ ± 12 ms−1. The observations of streaming waves spanned from 1967
to 1999 when the dip angle over TRD was between −0.9° and +1.2°
(IGRF-12, Thébault, 2015). Hence, the existence of streaming waves is
consistent with the conclusion of Sekar et al. (2013).

Barium vapour cloud release experiments provide in-situ measure-
ments of plasma drifts associated with ambient electric field. The
vertical drifts around twilight time measured with these experiments
over TRD (e.g., Anandarao et al., 1977) and Sriharikota (SHK, N13.7° ,

E80.2° , a station close to the dip-equator) (e.g., Sekar, 1990) are used in
the present work.

In the present work, a methodology (see Appendix) is adopted to
derive the quiet time vertical drifts during 10:00–14:00 LT using
magnetometer datasets. The parameter H H∆ − ∆equator off equator− (where
H is the horizontal component of geomagnetic field and H∆ is
calculated by subtracting nighttime base value from the instantaneous
H values), derived using ground based magnetometer data, is con-
ventionally (Rastogi and Patel, 1975) used as a proxy for the strength of
equatorial electrojet. Assuming that the variations in ionospheric
conductivities are not significant during 10:00–14:00 LT, variations
in H H∆ − ∆equator off equator− during this period can be treated as varia-
tions in the zonal electric fields.

Finally, the empirical models Scherliess-99 and Fejer-08 provide
the dip-equatorial vertical plasma drifts at different local times and
seasons during geomagnetically quiet periods. In order to compare
with the vertical drifts derived based on measurements by different
techniques mentioned earlier, the model drifts corresponding to E60°
longitude which is closest to Indian-dip equator are reproduced from
Figure 8 of Scherliess-99 and Figure 7 of Fejer-08.
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3. Results

Fig. 1 depicts the diurnal variations of vertical drift (black colored
solid curves) presented by Scherliess-99 model for high solar epoch.
Subplots 1(a), 1(b) and 1(c) show the vertical drifts in December
solstice (November–December–January–February), equinox (March–
April, September–October) and June solstice (May–June–July–
August) respectively.

In subplot 1(a), the blue and green colored (solid, dash and dash-
dot) curves portray the average nocturnal variations of Vz obtained
using ionosonde/radar experiments from TRD and KDK respectively.
The blue colored dash curve represents Vz computed using the average
nocturnal variations of h F′ presented by Subbarao and Krishna Murthy
(1994); and blue colored dash-dot curve portrays the average Vz
variation during nighttime presented by Madhav Haridas et al.
(2015). The green colored dashed and solid curves depict the average
vertical drifts during dusk-midnight hours presented by Sastri (1984)
and Ramesh and Sastri (1995) respectively. The σ1 variation in vertical
drift at prereversal enhancement (PRE) time, as provided by Ramesh
and Sastri (1995), is reproduced with green colored solid vertical bar
on the top right corner of subplot 1(a) as well as in subplots 1(b-c). It
must be noted that σ1 variation will be provided subsequently in this
work wherever it is available in the literature under consideration here.

The twilight time in-situ measurements of vertical drifts reported
by Anandarao et al. (1977) and Sekar (1990) are shown with magenta
colored dots at the particular LT of the experiments. The average
nocturnal variation of vertical drifts corresponding to the zonal electric
fields presented by Krishna Murthy and Hari (1996) is shown with the
dark magenta colored solid curve. In addition, average variation of
vertical drift around noon hours deduced from magnetometer records
is portrayed with the maroon colored solid curve. The standard
deviation (σ) of these deduced vertical drifts, estimated based on the
variations in H H∆ − ∆TRD ABG (see Appendix), is shown as vertical bars
on the curve.

The vertical arrows (at the bottom of subplot) are drawn at the
particular LT corresponding to the sounding rocket experiments, listed
in Tables 1 and 2, in which the streaming waves have been observed.
Similarly, the solid horizontal lines (at the bottom of subplot) are
drawn for the particular time interval during which the streaming
waves have been observed using VHF radar experiments, listed in
Tables 1 and 2. The presence or absence of streaming waves is
respectively portrayed with teal or red colors. It is to be noted that
teal and red colored horizontal lines are simultaneously used for
certain durations when presence of streaming waves were detected
on some days and found absent on some other days.

In subplots 1(b) and 1(c) the same notations which have been used
in subplot 1(a) are followed to present the vertical drifts corresponding
to equinox and June solstice respectively. An additional green colored
dotted curve in subplot 1(c) depicts the vertical drift presented by
Sastri (1996). The σ1 variation in vertical drifts at PRE time, as
provided by Sastri (1996), is reproduced with green colored dotted
vertical bar on top right corner in subplot 1(c).

Fig. 2 depicts the diurnal variations of vertical drift (black solid
curves) presented by Scherliess-99 model corresponding to different
seasons under low solar epoch. The values of Vz obtained using
experiments conducted from TRD, KDK, SHK and magnetometer
records are overlaid in respective subplots with same notations as in
Fig. 1. Note that, if the ionosonde/radar derived average nocturnal
vertical drifts are not available from the same works that are used to
construct Fig. 1, the respective color codes and pattern of the curves are
not utilized in Fig. 2 to maintain uniformity and avoid ambiguity. The
additional blue colored solid curves in Fig. 2 portray the average
nocturnal Vz variations presented by Nair et al. (1993). The nighttime
averaged σ1 variation in vertical drifts, as provided by Nair et al.
(1993), is reproduced with blue colored solid vertical bars in respective
subplots of Fig. 2.

Figs. 3 and 4 depict the diurnal variations of vertical drifts (black
curves) presented by Fejer-08 model corresponding to different
seasons under high and low solar epochs respectively. The vertical
drifts obtained using experiments conducted over TRD, KDK, SHK and
magnetometer records under high and low solar epochs are overlaid in
Figs. 3 and 4 with same notations and color codes as in Figs. 1 and 2
respectively.

The gray colored horizontally shaded region in each subplot marks
the range of vertical drift values in which presence of streaming waves
can be expected. The reasoning for this demarcation is as follows. The
generation of streaming waves is known (Farley, 2009) to get triggered
whenever magnitude of zonal drift (Vx) of electrons exceeds the ion-
acoustic speed of the medium, which is about 370 ms−1 at ~105 km
altitude over the Indian sector. The plasma drifts along the zonal (Vx)
and vertical (Vz) directions are known (Anandarao et al., 1977; Sekar
et al., 2013) to be connected, over the dip-equator, by a relation
Vx=RVz, where R is equal to the ratio of Hall to Pedersen conductiv-
ities. Recently, R is shown (Pandey et al., 2016) to remain nearly same,
irrespective of local time of the day and solar epoch, with it's value
about 30 at ~105 km altitude. Hence, whenever the streaming waves
are present the magnitude of vertical drift must be greater than12 ms−1.
The above inference of limiting plasma drift of ∼ ± 12 ms−1 gets the
support from the occurrence of streaming waves on some days and
absence on some other days (see subplots 1b, 2a-2c, 3b, 4a-4c). It is
expected that the vertical drifts would lie within or outside this gray
colored shaded region whenever the streaming waves are present (teal
colored vertical arrows/horizontal lines) or absent (red colored vertical
arrows/horizontal lines) respectively.

As stated earlier, Tables 1 and 2 summarize the results from
sounding rocket flights (e.g. Prakash et al., 1969, 1970, 1974;
Prakash and Pal, 1985; Gupta and Prakash, 1979; Gupta, 1986,
1997) and VHF/HF radar (e.g. Sastri et al., 1991; Ravindran and
Krishna Murthy, 1997a, 1997b; Krishna Murthy et al., 1998) experi-
ments. The necessary vertical drift for the observed presence
(> + 12 ms−1 or < − 12 ms−1), absence (≤+12 ms−1 or ≥−12 ms−1) or
some days present and some days absent (∼ ± 12 ms−1) of streaming
waves is also provided in the respective entries of Tables 1 and 2. In
addition, the vertical drifts obtained from Scherliess-99 and Fejer-08
models at respective LT, season and solar epoch corresponding to the
rocket flights are also given in Tables 1 and 2. Further, the vertical
drifts obtained from both the empirical models corresponding to the
starting time of the respective VHF radar experiments are also
provided in Tables. Note that, if the magnitude of vertical drift obtained
from empirical model deviates from the criterion of deduced V| |z given
above, the value is highlighted with red color. Further, if direction of
this vertical drift differs from that deduced from observation, the cell is
highlighted with gray color. This notation is not followed for cases
wherein deduced V| | ∼ 12 msz

−1.
On comparing the vertical drifts given in Tables 1 and 2 it is

observed that in general, vertical drifts presented by both the
empirical models are consistent with the criterion for presence or
absence of streaming waves, though some deviations are also
observed. The amplitudes of vertical drifts obtained from
Scherliess-99 and Fejer-08 models are found to deviate from the
deduced threshold values of V| |z on six and five occasions respectively
(see the red colored entries in Tables 1 and 2). The deviations in Vz
with respect to Fejer-08 model drifts are within the uncertainly
limits of measurements (about 10%) for Fejer-08 model, barring two
durations 13:38–14:38 LT in December solstice under high solar
epoch and 09:23–10:23 LT in June solstice under low solar epoch.
However, in case of Scherliess-99 model, except an occasion during
14:08–14:38 LT in equinox under high solar epoch, all the devia-
tions in Vz are beyond the uncertainty limits of measurements
(relative precision of about 2 ms−1). Even in the cases when stream-
ing waves are present on some days and absent on some other days
(implying amplitude of vertical drifts closer to 12 ms−1), the Fejer-08
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Table 1
Comparison of vertical plasma drifts in high solar epoch deduced from experimental observations (rocket/radar)
with global empirical model (Scherliess-99 and Fejer-08) drifts. Positive and negative values indicate upward and
downward drift respectively. The red colored entries denote the instances when the magnitudes of the model drifts
are different from the threshold drifts deduced from E-region irregularity observations whereas the gray boxes
identify the instances when the polarity of the model drifts are not in accordance with the inferred polarities.
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model drifts seem to be more consistent with deduced vertical drifts
than Scherliess-99 model drifts. This is clearly visible during 08:00–
10:00 LT and 13:00–16:00 LT. Hence, Fejer-08 model is found to
represent the vertical drifts over the Indian sector better compared
to Scherliess-99 model. However, it is observed that both the
empirical models fail to capture the polarity of vertical drift during
early morning hours (around 06:00 LT), see gray colored cells in
Tables 1 and 2, though in June solstice the Scherliess-99 model
seems to predict better compared to Fejer-08 model. The probable
reasons for deviations in amplitude and polarity of the vertical drifts
presented by empirical models from the deduced Vz on a few
occasions are discussed in Section 4.

Around noon hours (10:00–14:00 LT), the average variations of
vertical drifts deduced from magnetometer records match (within σ1
variation) with the corresponding variations presented by both
Scherliess-99 and Fejer-08 models in equinox and June solstice under
high solar epoch, see maroon and black colored solid curves in Figs. 1
and 3. However, the vertical drift deduced in these seasons during low
solar epoch match (within σ1 variation) with the corresponding
variations presented by Fejer-08 model better compared to
Scherliess-99 model, see Figs. 2 and 4. In December solstice (when
1σ variations are largest) the deduced values of Vz match (within σ1
variation) with the corresponding variations presented by both the
empirical models irrespective of solar epoch. In general, the average
values of deduced Vz match fairly well with both the empirical models
during high solar epoch while these values match well with Fejer-08
model during low solar epoch. This is probably due to better long-
itudinal resolution used in Fejer-08 model (refer Section 4). Further,
the values of Vz deduced from magnetometer data are observed to
capture the presence or absence of streaming waves. Interestingly, the
deduced vertical drifts are ∼12 ms−1 during the time intervals wherein
streaming waves were detected on some days and found absent on
some other days.

During nighttime, the average values of Vz obtained using
ionosonde/radar experiments are not sufficient for the generation
of streaming waves in low solar epoch (see Figs. 2 and 4) on a few
occasions. In high solar epoch, the pre-midnight vertical drifts in
both the solstices are (in general) sufficient for the presence of
streaming waves (see subplots 1a, 3a and 1c, 3c), though during
post-midnight hours the vertical drifts are sufficient for the presence
of streaming waves on some occasions only (see subplots 3a and 3c).
However, during equinox in high solar epoch some of the average
vertical drifts are sufficient to capture the presence of streaming
waves. Further, it is observed that the ionosonde/radar deduced
vertical drifts are always smaller than those presented by empirical
models in different seasons (e.g., see subplots 3a, 3b and 3c) and
solar flux levels (e.g., see subplots 3a and 4a). In general, the
differences are about 10 ms−1 or greater with the maximum devia-
tion occurring in equinoctial months (e.g., notice the difference in Vz
of middle panel compared to top or bottom panel in any figure). It is
to be noted that considering typical height resolution of 3 km (Patra
et al., 2005) and the temporal resolution of 15 min in ionosonde
experiments (Sastri, 1984; Krishna Murthy and Hari, 1996; Madhav
Haridas et al., 2015), the typical uncertainty in vertical drift is
∼5 ms−1. The uncertainty in the vertical drifts deduced using HF
phase path sounder or Doppler radars is less than 1 ms−1

(Prabhakaran Nayar and Sreehari, 2004). Therefore, the observed
differences between the measured vertical drifts (derived using
ionosonde/Phase path sounder/Doppler radar) and the model drifts
are larger than the typical uncertainties of the measurements
involved. The probable reasons for significant difference are dis-
cussed in Section 4. In addition, it is observed that during nighttime
Scherliess-99 model values of Vz are smaller compared to Fejer-08
model. The probable reasons for this are also discussed in Section 4.

During PRE hours, the peak amplitude of Vz is known to vary day-
to-day (Balan et al., 1992) and also dependent on the solar flux level

Table 2
Same as Table (1) but corresponds to low solar epoch.

(continued on next page)
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(Ramesh and Sastri, 1995; Sastri, 1996). However, the time of PRE
over the Indian sector have been shown (Namboothiri et al., 1989; Nair
et al., 1993) to be same within a solar epoch and hence the occurrence
times of PRE are compared. Incidentally, it is found that the vertical

drifts presented using ionosonde/radar experiments maximize around
the time of Barium vapour cloud experiments (the solid blue, green and
magenta colored curves in subplots 3(a), 3(b) and 4(a) peak around the
time of magenta colored solid circles). It is also to be noted that the

Table 2 (continued)
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time of PRE observed in Vz presented by Scherliess-99 model is later in
LT compared to these times (e.g., see Fig. 1). A probable reason for this
difference in time is discussed in Section 4.

4. Discussion

As mentioned in Section 3, Fejer-08 model is found to be more
consistent with the reported presence or absence of streaming waves
than Scherliess-99 model. Further, the vertical drift provided by Fejer-
08 model also seem to represent the measured drifts better during low

Fig. 1. Vertical drift variations during high solar epoch over the Indian sector provided by Scherliess and Fejer (1999) model (black) and experiments conducted from TRD and KDK
(blue, dark magenta and green colored curves respectively) along with the σ1 variation in them (wherever available) with the same notation shown on the top right corner. Vertical drifts
measured using vapour release experiments are shown with magenta colored dots and those deduced from magnetometer records is shown with maroon colored curves. The presence or
absence of streaming waves observed using sounding rocket flights (vertical arrows) and VHF Doppler radars (horizontal lines) are portrayed with teal or red colors respectively. The
durations when streaming waves were detected on some days and found absent on some other days are depicted with simultaneous horizontal lines in teal and red colors. (See text for
more details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Same as Fig. Fig. 1 but corresponds to low solar epoch. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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solar epoch as far as the PRE and daytime deduced drifts are
concerned. To investigate the probable reasons for Fejer-08 model
being more consistent than Scherliess-99 model, the data sets and
methodology used to develop these empirical models are looked into.

It is to be noted that empirical models were developed based on the
in-situ observations of plasma drifts at the altitude of satellite. The

techniques employed to measure the plasma drifts are entirely different
from the experimental techniques adopted to get these observations
over the Indian sector. In Scherliess-99 model, the input for vertical
drifts were obtained from Ion Drift Meter (IDM, on board AE-E
satellite) measurements over ± 7.5° dip-latitude ranges around the
globe during 1977–1979 and Jicamarca ISR measurements from 1968

Fig. 3. Same as Fig. 1 but comparison is with the Fejer et al. (2008a) model drifts. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)

Fig. 4. Same as Fig. 2 but comparison is with the Fejer et al. (2008a) model drifts. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)
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to 1992. On the other hand, in Fejer-08 model the input for vertical
drifts were obtained from Ionospheric Plasma and Electrodynamics
Probe Instrument (IPEI, on board ROCSAT-1 satellite) measured
vertical drifts over ± 5° dip-latitude ranges around the globe from
1999 to 2004. These vertical drifts were binned over 60° and 30°
longitudes in Scherliess-99 and Fejer-08 models respectively. Further,
different methodologies were adopted to develop both the empirical
models. In Scherliess-99 model, the Vz values around the globe were
constrained with different statistical weights to make electric field curl-
free (∮ dE l· = 0). However, in Fejer-08 model, the vertical drifts were
not constrained to satisfy for irrotational electric field, though, this
condition was used to estimate the accuracy of this model. As
mentioned in Scherliess and Fejer (1999), satellite measurements of
Vz during nighttime (that have more uncertainty compared to daytime)
were given less statistical weight compared to daytime measurements
and whenever the highly accurate daytime vertical drifts were available
from Jicamarca ISR, those data sets were given even higher statistical
weight (about 75%). Under this scenario, the Vz values provided by
Scherliess-99 model over the Indian sector, which is nearly at antipodal
point of the Peruvian sector, could become uncertain.

The occurrence of afternoon equatorial counter electrojet (CEJ) had
been shown (Rastogi et al., 2014) to be highest during June solstice
under low solar epoch. Interestingly, the Fejer-08 model drift values
reveal downward drifts in the afternoon hours which is consistent with
the observations of Rastogi et al. (2014). The presence of downward
drift in June solstice during solar minimum years also gets credence
from the works of Gurubaran (2002) and Bhattacharyya and Okpala
(2015). It was shown that equatorial CEJ under similar conditions was
due to additional contribution from global current system that gets
superimposed on the Sq current system. Further, the small afternoon
upward drifts in this season given by Scherliess-99 model are also
favorable for the generation of CEJ with a little help from additional
external agency. Therefore, both the models support the morphological
feature of occurrence of CEJ during this season. As far as the high solar
epoch is concerned, negligible vertical plasma drift obtained from
Fejer-08 model in the afternoon hours during the June solstice is
consistent with the occurrence characteristic of partial CEJ at this local
time reported by Rastogi et al. (2014). This feature is not efficiently
captured by Scherliess-99 model. In view of these outcomes, in the
forthcoming discussion on vertical drifts during different times of the
day, barring evening hours, Vz presented by experimental observations
are compared with Fejer-08 model only. During PRE time a discussion
based on both the models is presented.

4.1. Vertical drifts in morning hours

The vertical drifts presented using ionosonde/radar experiments
are insufficient for the generation of streaming waves observed around
06:00 LT. Their presence is supported by Fejer-08 model, although the
polarity of vertical drifts presented by this model is not consistent with
the respective observation on a few occasions during 06:00–08:00 LT,
as mentioned in Section 3. To investigate the probable reasons for this
inconsistency with the empirical model, the diurnal variations of Vz
over the dip-equatorial longitudes presented in Fig. 4 of Fejer-08
become important. It is observed from their work that, though the
vertical drifts are small during 06:00–08:00 LT around the Indian
sector, they show variation in polarity with longitude even for a
particular LT. Therefore, the longitudinal averaging of Vz used in
Fejer-08 model (given above) could result in loss of polarity informa-
tion. Therefore, it is rather difficult to bring out the clear picture of Vz
during morning hours.

4.2. Vertical drifts during daytime

In general, the daytime vertical drifts presented by Fejer-08 model
and those deduced using magnetometer data sets around noon hours
(10:00–14:00 LT) match within σ1 variation. In general, the magnet-
ometer deduced Vz capture the presence or absence of streaming
waves, suggesting that the magnetometer data can be effectively used to
gauge the vertical drift/zonal electric field variations from 10:00 LT to
14:00 LT.

4.3. Vertical drifts in evening hours

It is noticed that the time of occurrence of PRE, as predicted by
Scherliess-99 model, is slightly later than the corresponding times
observed by most of the ionosonde/HF radar experiments during high
solar epoch. In this regard, Fejer-08 model is closer with Indian
observations. This may be partly due to the better longitudinal
resolution of the Fejer-08 model in comparison with the Scherliess-
99 model. More importantly, the Indian stations are east of E60°
longitude and the model drifts have been presented corresponding to

E60° with finite longitudinal averaging. As the local sunset will occur
over the Indian sector earlier than that over E60° , the model drifts can
occur at a later time than what Indian observations suggest. During low
solar epoch, the PRE feature itself is more conspicuous in Fejer-08
model (particularly during solstices) than in Scherliess-99 model and
the Indian observations are reasonably consistent with the Fejer-08
model outputs in all the seasons except in June solstice as far as the
time of occurrence of PRE is concerned.

It is interesting to note here that in June solstice under low solar
epoch, PRE was found to be present (e.g., Ramesh and Sastri, 1995) on
some occasions, absent (e.g., Scherliess-99) on other occasions and
reverse PRE (e.g., Subbarao and Krishna Murthy, 1994; Chakrabarty
et al., 2014) was also observed. Therefore, the occurrence of PRE in
June solstice under low solar epoch is ambiguous. The suppression of
PRE in June solstice under low solar epoch was also reported over
Peruvian (Scherliess and Fejer, 1999) and African (Oyekola, 2006)
sectors. Further, the occurrence of reverse PRE is also noticed in the
vertical drifts over African sector that was presented in Fig. 1(a) of
Oyekola et al. (2007) corresponding to June solstice in low solar epoch.
In general, the occurrence of reverse PRE is found in June solstice
when solar flux level is low. The modeling studies of reverse PRE are
not found, though simulation results for suppressed PRE are available
(Fesen et al., 2000; Millward et al., 2001). The observed variability on
the occurrence of PRE during June solstice in low solar epoch needs to
be investigated in detail to arrive at a bigger picture. There are
differences, of course, between the magnitude of Vz during PRE time
given by Indian observations and the model values on some occasions.
It is known that the peak values of Vz during PRE hours depend on
solar flux level (Fejer et al., 1996; Sastri, 1996; Madhav Haridas et al.,
2015) and change on a day-to-day basis (Woodman, 1970; Balan et al.,
1992). In absence of significant recombination effect (as the layer
height is generally more than 300 km) during PRE time and unlikely
occurrence of equatorial spread-F before PRE, ionosonde/HF radar
measurements can be used to infer Vz on a day-to-day basis.

4.4. Vertical drifts during nighttime

The vertical drifts presented by Fejer-08 model capture the
observed presence/absence of streaming waves during nighttime.
However, the vertical drifts presented using ionosonde/HF radar
experiments are not sufficient, on most of the occasions, to capture
the observed presence of streaming waves and differ from vertical drifts
presented by Fejer-08 model by 10 ms−1 or more in general. The
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sources of these deviations could be improper correction of βH ,
gradients in vertical drifts, instrumental bias and/or inaccurate deter-
mination of height of plasma layer, etc. To delineate the probable
causes of these large differences the contributions that can arise from
these factors are looked into.

As the vertical drifts (used in the present work) are, in general,
obtained only for the duration when altitude of plasma layers remains
above km300 , the contribution due to chemical recombination would
be negligible (Bittencourt and Abdu, 1981). Even otherwise, it is shown
(Kakad et al., 2012; Subbarao and Krishna Murthy, 1994) that
contribution due to recombination process can be about 2 ms−1 or
4 ms−1 corresponding to the movement of plasma layer above or below
300 km respectively.

The altitude variation of vertical drifts over the Indian sector around
PRE hours have been reported earlier (Raghavarao et al., 1987; Sastri
et al., 1995; Prabhakaran Nayar and Sreehari, 2004). However, the
altitude gradient in vertical drifts during nighttime over the Indian sector
are not known. Therefore, a typical (Pingree and Fejer, 1987) altitude
gradient in the vertical drift over the dip-equatorial station (Jicamarca) is
taken as a representative value. The altitude averaged gradient in
nocturnal Vz was shown by Pingree and Fejer (1987) to be around
0.005 ms−1 km−1 (averaged nighttime value). As the altitudes probed by
the ionosonde/radar experiments (bottom side of F-layer, i.e. around
300 km) and the ROCSAT-1 satellite (used in Fejer-08 model) are
separated by about 300 km, Vz values could differ by about 2 ms−1.
Further, if the altitude gradient in vertical drifts are assumed to follow the
opposite pattern above and below F-layer peak as observed by Fejer et al.
(2014) and simulated by models (Klimenko et al., 2012; Qian et al., 2015),
the difference in Vz would be even less than 2 ms−1.

Finally, the accuracy of vertical drifts deduced using ionosonde/radar
experiments depends (to the first order) on how accurately the altitude of
plasma layer is determined. This is particularly difficult during equatorial
spread-F (ESF) events. Therefore, to investigate a possible relationship, if
any, between the percentage occurrence of ESF (Subbarao and Krishna
Murthy, 1994) over TRD and difference between Vz, obtained using
ionosonde/radars experiments and Fejer-08 model, the two parameters
are looked together. In general, the differences in Vz are found to follow
the percentage of occurrence of ESF. For e.g., under high solar epoch, the
occurrence of ESF was higher (Subbarao and Krishna Murthy, 1994)
during pre-midnight than post mid-night hours in all the seasons; and the
corresponding differences in vertical drifts are observed to follow the
similar pattern (see Fig. 3). Under low solar epoch, the ESF occurrence in
June solstice was higher (Subbarao and Krishna Murthy, 1994) during
post-midnight than pre-midnight hours; and corresponding differences in
vertical drifts are observed to follow this pattern (see subplot 4b). Further,
under high solar epoch the occurrence of ESF during pre-midnight hours
was maximum in equinox; and the differences in vertical drifts are also
maximum during pre-midnight hours in equinox (see subplot 3b). Under
low solar epoch, the occurrence of ESF during post-midnight was
maximum in June solstice; and the difference in vertical drifts during
post-midnight is also maximum in June solstice (see subplot 4c).

From the above discussion, it appears that the seasonal Vz
presented using ionosonde/radar experiments might have suffered
from an uncertainty arising out of the inaccurate determination of
ionospheric height parameter in the presence of ESF events. It is
important to note that the plasma irregularities associated with ESF
move upward and thus can result in systematic underestimation of the
downward drifts, which is seen in Figs. 1–4. Therefore, presence of ESF
is probably the most important reason for the underestimation of
ionosonde/HF radar derived vertical drifts. Further, with appropriate
(without ESF traces) choice of ionograms and proper correction for

recombination loss, the ionosonde/HF radar experiments can be used
to deduce the vertical drifts during nighttime. Another interesting
feature in vertical drifts during June solstice under low solar epoch was
reported by Chakrabarty et al. (2014). They had shown that the vertical
drifts increase and become upward during midnight hours, which is not
observed in vertical drifts presented by the empirical models but
confirmed by C/NOFS observations.

5. Summary

The vertical plasma drifts obtained or deduced with several
techniques over the Indian sector are compared with those presented
by the global empirical models (Scherliess and Fejer, 1999; Fejer et al.,
2008a). The salient points that have emerged from this study are as
follows:

1. In general, the vertical drifts presented by Fejer et al. (2008a) model
represent vertical drifts over the Indian sector better than Scherliess
and Fejer (1999) model and other average nocturnal vertical drifts
deduced using ionosonde/radar experiments.

2. The empirical models fail to capture the direction of vertical drifts in
morning hours (around 06:00 LT). This is probably due to long-
itudinal averaging that results in loss of polarity information.

3. The vertical drifts (corresponding to zonal electric fields) deduced
around noon hours (10:00–14:00 LT) from magnetometer records
match with vertical drifts presented by Fejer et al. (2008a) model
and capture the presence/absence of streaming waves in general.

4. For distinctive drift features like PRE, the time difference between
occurrence of PRE reported by the empirical models and the ground-
based observations is found on some occasions and this can be due
to the different longitudinal averaging schemes used in the models.

5. The seasonally averaged nocturnal vertical drifts deduced using
ionosonde/HF radar experiments are not sufficient, on most of the
occasions, to capture the observed presence of streaming waves. The
deviations of vertical drifts obtained using ionosonde/HF radar
experiments from the Fejer et al. (2008a) model drift values closely
follow the percentage occurrence of ESF indicating inaccuracy in the
determination of vertical drifts based on ionospheric height varia-
tions in the presence of ESF.

6. Both the empirical models Scherliess and Fejer (1999) and Fejer
et al. (2008a) support the occurrence characteristic of afternoon
equatorial CEJ in June solstice under low solar epoch.
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Appendix A

A model was developed by Anandarao (1976) to obtain the ionospheric current density and details of the model can be obtained from the earlier
works of Anandarao and Raghavarao (1987) and Raghavarao and Anandarao (1987). The inputs required to the model are altitude profiles of
electron density (Ne), neutral density, temperature and dip-equatorial zonal electric field. In addition, a methodology to obtain the horizontal
component (H) of magnetic field induced at ground by the electrojet current along zonal direction was described by Anandarao (1977) using,

H
μ C

πr
r a θ

r a r a θ
=

2
( / )sin − 1

( / ) + 1 − 2( / )sininduced
0

2 (1)

where C is line current obtained from zonal current density (Jϕ or Jx), ∫ ∫C J drdθ=
r θ x . Here r and θ denote the distance and magnetic co-latitude of

the line current respectively and a denotes the Earth's radius. Note that Jx values, integrated in the altitude and dip-latitude ranges of 80 to 130 km
and−5° to +5° respectively, are used to derive Hinduced. The Hinduced is taken as the representative of the H component of magnetic field induced
at ground due to the equatorial electrojet.

In present work, the problem is reversed in pursuit of zonal electric field from the magnetometer observations. This is done by computing Jx
with varying zonal electric field input to the electrojet model till the derived Hinduced value becomes equal to the observed H HΔ − Δequator off equator− .
Further, it is noticed that the Ne profiles, measured using sounding rocket flight experiments (Subbaraya et al., 1983; Gupta, 2001), over the
equatorial electrojet region (90–110 km) did not reveal any significant temporal variation during 10:00–14:00 LT irrespective of solar epoch,
though the absolute values of Ne are larger (about 40%) during solar maximum. Hence, the average Ne profile corresponding to the particular solar
epoch and typical profiles of neutral parameters, as their effects on Jx are negligible (Pandey et al., 2016), are used in the electrojet model
(Anandarao, 1976) to evaluate Hinduced for different zonal electric field values. The sensitivity studies (Pandey et al., 2016) were carried out by
varying different parameters. This suggests ∼5% uncertainty in the estimated zonal electric field.

The hourly magnetometer measurements from a dip-equatorial station Trivandrum (TRD, N8.5° , E76.9° , dip-lat. S1° ) and an off-equatorial
station Alibag (ABG, N18.6° , E72.9° , dip-lat. N10° ) during 1985–1995 are used to obtain H HΔ − Δequator off equator− on geomagnetically quiet days
(Kp ≤ 3 and Dst ≥−20, on the selected day and also on the previous day). The observed values of H HΔ − ΔTRD ABG on individual quiet days (gray) and
their seasonally averaged (red) values along with σ1 variation during high (left panel) and low (right panel) solar epochs are depicted in Fig. 5. Based
on these seasonally averaged values of H HΔ − ΔTRD ABG, the vertical drifts corresponding to zonal electric fields are obtained during 10:00–14:00 LT.

Fig. 5. Hourly variations of individual quiet days (gray colored lines) and seasonally averaged (red colored line) H HΔ − ΔTRD ABG values along with σ1 variation during high (left panel)

and low (right panel) solar epochs. The upper, middle and lower subplots represent variations in December solstice, equinox and June solstice respectively. The number of days used for
seasonal average are also mentioned in each subplot. (The hourly values of magnetic field measurements are obtained from the World Data Center for Geomagnetism, Kyoto).
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a b s t r a c t

The existence of the possible ionospheric current during nighttime over low-equatorial latitudes is one of
the unresolved issues in ionospheric physics and geomagnetism. A detailed investigation is carried out to
estimate the same over Indian longitudes using in situ measurements from Thumba ( °8.5 N, °76.9 E),
empirical plasma drift model (Fejer et al., 2008) and equatorial electrojet model developed by Anandarao
(1976). This investigation reveals that the nighttime E-region current densities vary from ∼0.3 to ∼
0.7 A/km2 during pre-midnight to early morning hours on geomagnetically quiet conditions. The
nighttime current densities over the dip equator are estimated using three different methods (discussed
in methodology section) and are found to be consistent with one another within the uncertainty limits.
Altitude structures in the E-region current densities are also noticed which are shown to be associated
with altitudinal structures in the electron densities. The horizontal component of the magnetic field
induced by these nighttime ionospheric currents is estimated to vary between ∼2 and ∼6 nT during
geomagnetically quiet periods. This investigation confirms the existence of nighttime ionospheric cur-
rent and opens up a possibility of estimating base line value for geomagnetic field fluctuations as ob-
served by ground-based magnetometer.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that an intense current, commonly referred to
as equatorial electrojet, flows in a narrow altitudinal band (peak
around 105 km) over the dip equatorial regions. The strengths and
variations of these currents during daytime had been derived in
detail using rocket borne magnetometer measurements over In-
dian (e.g. Sastry, 1970; Sampath and Sastry, 1979 and references
cited therein), Peruvian (e.g. Davis et al., 1967; Shuman, 1970) and
Brazilian (e.g. Pfaff et al., 1997 and references cited therein) long-
itudes. Systematic observations of the electrojet current strengths
during daytime were obtained by ground-based magnetometers
(e.g. Rastogi and Iyer, 1976). Satellite borne measurements of these
current densities during daytime (Jadhav et al., 2002; Lühr et al.,
2004, etc.) are also available. However, the existence (or the lack of
it) of the possible ionospheric current during nighttime and its
characteristics over low-equatorial latitudes are not well under-
stood. This is because of the fact that during nighttime, the iono-
spheric E-region plasma density goes down drastically. As a con-
sequence, the midnight values of Sq current are generally taken as

the base line for the overhead equivalent ionospheric current
system. However, based on theoretical calculations, Takeda and
Araki (1985) concluded that the ionospheric Sq currents flow
westward in the nighttime during high solar activity period and
their contribution to the geomagnetic Sq field is about 1/10 of the
maximum Sq variation. On the other hand, the nocturnal currents
are shown to be weak during low solar activity period and below
the detection limit. In addition, Campbell (1973) and Mayaud
(1976) found that the geomagnetic variations during nighttime are
not negligible on many occasions. Campbell (1979) suggested that
the ground geomagnetic variations during nighttime may be
present even during apparently quiet conditions. Matsushita and
Maeda (1965) used the daily mean as the base level to be re-
presentative of the zero Sq current and showed the presence of
significant nighttime ionospheric current. On the other hand, if the
nighttime Sq level is taken as the base value, as in Matsushita
(1968), it would imply zero ionospheric current during nighttime.
Therefore, determination of the base geomagnetic level is im-
portant to determine the nighttime E-region current over low-
equatorial latitudes. Based on only a single rocket flight Davis et al.
(1967) inferred small westward current in E-region (correspond-
ing to magnetic variation of about 6 nT on the rocket borne mag-
netometer) during midnight hours around 100 km altitude over
the Peruvian dip equatorial sector. This inference was derived
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using the data obtained from the ascent and descent phases of the
rocket flight. After a few days, under similar geomagnetic condi-
tions, Shuman (1970) did not detect any significant current over
the same place and around the same local time during the descent
phase of the rocket, although the resolution of the magnetic
measurements was slightly higher (5 nT). It is to be noted here
that the magnetometer measurements are not expected to alter
significantly depending on the ascent and descent phases of the
rocket as current integrated over large area is measured. Thus,
considering that rocket wake does not modify the magnetometer
measurements, the results of Shuman (1970) are in contradiction
with the results of Davis et al. (1967). Over the Indian dip equa-
torial sector (Thumba), Sastry (1970) measured about 9.4 A/km2

peak current density during daytime but concluded the absence of
such current (with uncertainty of 4 nT of magnetic measurements)
during pre-midnight hours on the same day. Onwumechili (1992a)
compiled the available in situ measurements of ionospheric cur-
rent density over the globe and the nighttime current over the dip
equatorial region was suggested to be absent.

The above observations pose an uncertainty on the magnitude
of the current that can be expected to flow through the equatorial
E-region during nighttime. Further, as suggested by Haerendel and
Eccles (1992) and Eccles (2015), the generation of pre-reversal
enhancement (PRE) of the equatorial F-region zonal electric field
will depend crucially on the closure of the F-region dynamo cur-
rent through the E-region in the low and equatorial latitudes.
Therefore, determination of nighttime E-region current is essential
to understand the underlying processes that couples E and F re-
gions over low-equatorial latitudes during nighttime. There was an
attempt by Stening and Winch (1987) to estimate the nighttime
ionospheric current using the in situ measurements of electron
density, obtained over Thumba (Prakash et al., 1970), and with a
fixed zonal Sq electric field of �0.3 mV/m. They concluded that a
finite ionospheric current flows during nighttime. Further, Rastogi
et al. (1996) reported that the nocturnal variation of horizontal
geomagnetic field over Huancayo showed remarkable similarity
with corresponding variation of ionospheric electric field de-
termined by Doppler radar. This indicates a finite nighttime io-
nospheric current which can be inferred by ground-based mag-
netometer. However, it is difficult to separate ionospheric and
magnetospheric components from these magnetometer mea-
surements in spite of the resolution being 0.1 nT in the present
digital magnetometer systems as their effects are comparable on
ground during nighttime. It is not clear whether the ground-based
magnetometer measurements during nighttime, even during
magnetically quiet times, are free from the contributions from
magnetosphere. During geomagnetically disturbed period, many
authors (e.g. Matsushita, 1971; Onwumechili and Ezema, 1977;
Chakrabarty et al., 2005) had indicated the non-ionospheric
(magnetospheric) origin of the currents responsible for the mag-
netic fluctuations observed at the ground. Therefore, a compre-
hensive understanding on the magnitude of the nighttime E-re-
gion current and its variation with time is missing till date al-
though the nighttime horizontal component of the magnetic field
measured by the magnetometers is being used as base or re-
ference value for determining the daytime electric fields (Rastogi
and Patil, 1986). These variations in the reference value during
magnetically disturbed period make matter worse as far as the
determination of the daytime electric fields is concerned. Given
the above background, it is imperative that knowledge about the
changes in nocturnal ionospheric current during geomagnetically
quiet time is essential to comprehensively understand the equa-
torial electrodynamics. In this context, the present investigation is
important as it provides estimation of the equatorial E-region
current at a few local nighttimes by different methods using ex-
perimental data and modeling investigations.

2. Details of observations and other inputs

In the present investigation, electron densities and plasma
wave information obtained from six rocket flights containing
Langmuir probe system with high frequency response (Prakash
and Subbaraya, 1967; Subbaraya et al., 1983, 1985) conducted over
Thumba, during 1967–1975, are utilized as inputs. In addition,
in situ measurements of zonal current density (Sastry, 1970;
Sampath and Sastry, 1979) using magnetometer on board two
rocket flights over Thumba are used. Throughout this work, time
corresponds to local time (LT) which for Thumba ( ° )76.9 E is about
22 min behind the Indian Standard Time, IST (time corresponding
to °82.5 E). It is important to note here that simultaneous mea-
surements of electron and current densities obtained on 29 August,
1968 at 1354 LT (Subbaraya et al., 1972) and 3 March, 1973 at 1159
LT (Sampath and Sastry, 1979) are used to calculate the R values
( σ σ=R /H P , ratio of Hall σ( )H to Pedersen σ( )P conductivities). These
flights correspond to high (yearly averaged sunspot number in
1968 was 150) and low (yearly averaged sunspot number in 1973
was 54) solar activity periods. This R value is used to deduce the
altitude profile of nighttime current densities over the dip equator.
The validity of the extrapolation of R value to the nighttime is
discussed in Section 3.1. Further, the observed presence of
streaming waves (plasma waves generated due to the streaming of
electrons in the dip equatorial E-region with velocity exceeding
ion-acoustic speed) in the electron density measurements (e.g.
Farley, 2009) is also used to give the physical estimate of minimum
strength of nighttime current density that must be present over
the altitude range wherein streaming waves were detected. The
generation of streaming wave is shown (Sekar et al., 2013) to be
possible over Thumba only when the dip angle ( ) < °I 1.5 . The
present investigation makes use of the electron density observa-
tions from Thumba during 1967–1975 wherein the dip angle was
between �1.0° and �1.1° and thus consistent with the conclusion
of Sekar et al. (2013). Further, as the objective of the present in-
vestigation is to find out the nighttime E-region current density
that is a realistic representative of the nighttime base value during
quiet time, the electron density profiles before 2100 LT are avoided
to minimize the contributions from PRE. The other important in-
put parameters are as follows:

(i) The altitude profiles of neutral density and temperature are
taken from Jacchia-71 (Jacchia, 1971) model which is built-in
electrojet model used in this investigation.

(ii) The geomagnetic field in altitude-latitude plane is adopted
from International Geomagnetic Reference Field (IGRF)-11
model (Finlay et al., 2010).

(iii) The vertical drifts corresponding to quiet time Sq electric
fields over the dip equator are taken from F-region vertical
plasma drift model of Fejer et al. (2008).

It is to be noted here that the accuracy of the electron density
measurements is 5% (Subbaraya et al., 1983), the resolution of drift
measurements is 10% (Fejer et al., 2008) and the standard devia-
tion of neutral parameters is 8% (Marcos, 1990). These numbers
determine the maximum uncertainty in the estimated nighttime
current values.

3. Methods to estimate nighttime current density

Three different approaches have been adopted to estimate the
nighttime current density in the equatorial E-region. These are
described and compared in the subsequent sections.
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3.1. Method-1: based on the ratio R deduced from observations

In order to estimate the altitude profiles of nighttime current
density, the altitude profiles of electron density and plasma drifts
in the zonal direction are needed. A few measurements of electron
density during nighttime are available in the literature (Subbaraya
et al., 1983, 1985; Gupta, 1986, 1990). However, measurement of
background plasma drift in the zonal direction is difficult and
systematic observations are not available over Indian longitudes.
Therefore, a methodology is evolved based on a few assumptions
and a coordinate system in which x, y and z directions are along
zonal (positive eastward), meridional (positive northward) and
vertical (positive upward) directions respectively. The assumptions
are as follows:

1. In the present investigation, the electric fields corresponding to
the F-region plasma drifts are taken to represent the E-region Sq
electric field (ESq) as the low latitude E-region dynamo electric
fields get mapped to the equatorial F-region. This assumption
can lead to an uncertainty in drift of ∼2 m/s considering the
altitude of satellite (around 600 km), latitude (75°) binning of
plasma drift measurements, geometry of magnetic field and
typical altitudinal gradient (Pingree and Fejer, 1987) of plasma
drifts (about 0.005 m s�1 km�1) during nighttime over another
dip equatorial station Jicamarca.

2. The zonal solar quiet time ( )ESq x field does not vary much within
the altitude region of 100–120 km.

3. The ratio R σ σ( = )/H P remains the same during day and night in
all solar epochs.

Based on these assumptions, the empirical model (Fejer et al.,
2008) of F-region vertical plasma drift corresponding to ( )ESq x over
Indian longitude sector is utilized. This model is compared with
vertical plasma drifts estimated using measurements by various
techniques. This comparison revealed that the model values and
polarities of the plasma drifts match well (within the experimental
uncertainties) with the inferred drifts from individual case studies
except on a few occasions. This aspect is not directly relevant for
the present work and will be addressed in a separate commu-
nication. To verify the validity of third assumption, the ratio of the
conductivities (R) is estimated using neutral number density and
temperature from the Jacchia-71 model (Jacchia, 1971), geomag-
netic field values from IGRF-11 model and measured altitude
profiles of electron density. Fig. 1a depicts the altitude profiles of R
during day and night times in solar maximum and minimum
conditions. The ratio R is essentially independent of electron
density variations. The variations of neutral density during day-
night and at different solar epochs are not significant enough to
affect R. It is also verified that the R value does not change much
even if one uses other neutral density models (e.g. NRLMSISE-00)

Fig. 1. (a) Altitude profiles of ratio (R) of the Hall to Pedersen conductivities during day and night at different solar epoch estimated using Jacchia-71 model values of neutral
density and temperature along with geomagnetic fields from IGRF-11 model. (b) Deduced altitude profiles of R values, based on Eq. (2), using simultaneous measurements of
current and electron densities during daytime at high (dotted) and low (dashed) solar activity conditions. In this estimation the plasma drift in vertical direction (corre-
sponding to Sq electric field) at the time of measurement is obtained from the empirical model of Fejer et al. (2008). (c) The altitude profile of the average values of R shown
in (b). (For interpretation of the references to color in this figure, the reader is referred to the web version of this paper.)
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instead of Jacchia-71 model. Hence the assumption (3) is valid for
the present purpose of estimation of nighttime current.

Fig. 1a reveals that the peak R value is close to 30 around
100 km. This is similar to the earlier calculation of Anandarao et al.
(1977), which also reveals that these values of R are nearly same
around peak E-region even if one considers the field line in-
tegrated values of conductivities. However, the peak height de-
termined by these theoretical calculations is well known (Forbes,
1981) to be lower than the height determined from measurements
by more than 5 km. This R is also shown to be equivalent to the
ratio of electric fields in vertical ( )Ez and zonal ( )Ex directions
(Anandarao et al., 1977; Sekar et al., 2013) as follows:

= =
( )
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E
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V 1

z

x

x

z

where Vx and Vz are the plasma drifts in zonal and vertical di-
rections respectively. Therefore, to deduce the altitude profile of R
by means of experimental observations, simultaneous measure-
ments of electron ( )Ne day, and current densities ( )Jx day, are used.
These values correspond to daytime in high and low solar activity
periods. In addition, the vertical plasma drift ( )Vz corresponding to
the local time of rocket flights have been taken from Fejer et al.
(2008) model:
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where e is the charge of electron. Fig. 1b depicts the altitude
profiles of R and its errors in high and low solar activity periods
based on Eq. (2). It is to be noted here that R values below 100 km
are not shown as the current density measurements in that alti-
tude region are below the sensitivity limit of the rocket borne
magnetometer. From Fig. 1b, it is clear that the deduced R values
remain the same (within the error limits) for both solar epochs. By
taking clue from the theoretical calculation on the invariance of R
values during day and night in all solar epochs, the average value
( )Ravg (shown in Fig. 1c) along with measured nighttime electron
density ( )Ne night, and vertical plasma drift ( )Vz night, from Fejer et al.
(2008) model at the time of rocket flight experiment is used to
estimate nighttime current density. The following expression is
used to calculate the nighttime current density ( )Jx night, :

= | | ( )J N R Ve 3x night e night avg z night, , ,

The observed Ne night, values and the empirical plasma drift model
values of Vz corresponding to that local time are used.

3.2. Method-2: based on the observation of streaming waves

As mentioned earlier, the dip equatorial E-region ionosphere is
characterized by the generation of streaming waves. These plasma
waves are essentially generated when electrons stream through
the background ions with velocity exceeding ion-acoustic speed
(Farley, 2009). The electron densities measured over Thumba at
different local times on several nights show (Prakash et al., 1970;
Gupta, 1986) the presence of streaming plasma wave. The
threshold plasma drift in the zonal direction needed to trigger the
streaming waves is given (Sudan et al., 1973) by,

χ= ( + ) ( )V c1 4x min s,

where cs is the ion-acoustic speed (330 m/s) of the medium and χ
is given by,

χ ν ν
Ω Ω

=
( )5

e i

e i

where ν and Ω represent neutral collision and gyro frequencies
respectively and subscripts e and i are used for electron and ions

respectively. The Vx min, values along with the corresponding elec-
tron densities are used to have the physical estimate of minimum
strength of current density ( )Jx night min, , that must be present over
the altitude range where the presence of streaming waves was
observed using the following expression:

χ= | | ( + ) ( )J N ce 1 6x night min e night s, , ,

The observed Ne night, values are used from those rocket flights that
detected streaming waves.

3.3. Method-3: based on the equatorial electrojet model

A physics based model for equatorial electrojet was developed
earlier by Anandarao (1976) and important results on the effect of
winds during daytime electrojet current system (Anandarao, 1976,
1977; Anandarao and Raghavarao, 1987; Raghavarao and Ana-
ndarao, 1987, etc.) obtained using this model are available in the
literatures. In the present study this model is used, without in-
voking the wind effects, to calculate the nighttime current density
in the zonal direction with the inputs of previously mentioned
electron density profiles and E-region Sq electric field values.
Based on the earlier works (Richmond, 1973; Anandarao, 1976;
Anandarao and Raghavarao, 1987; Raghavarao and Anandarao,
1987) during daytime, the contributions of horizontal winds and
shears in them to the zonal current densities over the dip equator
are not found to be significant and are well within the estimation
uncertainty. In the absence of systematic measurements of vertical
winds in the E-region during nighttime, the contribution of ver-
tical wind to the current density estimates could not be
determined.

In this model, the ionospheric current density ( )J is expressed
in terms of Ohm's law and the current conservation equa-
tion (∇· =J 0 which implies = ∇ ×J A , where A is the vector po-
tential) is solved along with Maxwell's equation for electrostatic
condition in geocentric co-ordinate system θ ϕ( )r, , where r is the
radial distance from the center of the earth, θ is the magnetic co-
latitude and ϕ is the longitude. A current function ψ is defined as
ψ θ= − ϕr Asin where ϕA is the component of vector potential A
in ϕ direction. The following second order elliptic partial differ-
ential equation is derived by solving the electrodynamic equa-
tions:
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The coefficients –f f1 6 are functions of ionospheric conductivities
and the zonal electric fields (Sugiura and Poros, 1969; Anandarao,
1977; Anandarao and Raghavarao, 1987; Raghavarao and Ana-
ndarao, 1987). Eq. (7) is numerically solved in the region encom-
passing 80–200 km altitude and magnetic co-latitude between 75°
and 105° with the boundary conditions ψ = 0 at all the boundaries
(i.e. ψ =− ° ° 0at km km80 ,200 , 75 ,105 ). In deriving Eq. (7), variations in all
physical parameters along the longitudinal direction are neglected.
Thus this equation is numerically solved in two dimensions along
the vertical and latitudinal directions. The grid sizes of Δ =r 1 km
and θΔ = °0.25 are employed for the present investigation. Further
details of this model can be found in Anandarao and Raghavarao
(1987) and Raghavarao and Anandarao (1987). The inputs to the
model are altitude profile of electron densities and ( )ESq x value at
the particular time for which the model calculation is made. Fur-
ther, the same electron density profile is used at all the latitudes.
These inputs are taken from the in situ measurements of electron
densities during nighttime (Subbaraya et al., 1983, 1985; Gupta,
1986, 1990) and the empirical model of plasma drift (Fejer et al.,
2008) over the dip equator corresponding to Indian longitude. In
addition to these, Jachhia-71 model of neutral density and
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temperature along with IGRF-11 model of geomagnetic field are
used for the evaluation of ionospheric conductivities. The equa-
tions for vertical polarization electric field ( )Er and current density
in the zonal direction, without wind effects, can be written (Su-
giura and Poros, 1969; Raghavarao and Anandarao, 1987) as fol-
lows:

σ
σ σ σ σ σ

= + + − −
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ϕ θ
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where σ0 is the direct conductivity; θE E,r and ϕE are electric fields
along θr, and ϕ directions respectively; θJ J,r and ϕJ are current
densities along θr, and ϕ directions respectively. Over the dip
equator, the radial ( )r and azimuthal ϕ( ) directions used in this
section are same as vertically up ( )z and zonal ( )x directions used
in the previous subsections. A sensitivity study of the model is
performed by considering previously mentioned maximum un-
certainties in the electron density, electric field, neutral density
and temperature individually and the changes in peak current
density over the dip equator are noted. The changes in current
densities are found to be linear with changes in electron density
and electric field. However, the changes with the neutral para-
meters yield a nonlinear response with maximum deviation less

than 3%. Combining the errors in the inputs and variations in
neutral parameters, the maximum uncertainties in current density
(Jx) and polarization electric field (Ez) over the dip equator are
found to be less than 20% and 12% respectively.

4. Estimation of induced magnetic field

In order to estimate the magnetic field induced at ground by
ionospheric current, a method described by Anandarao (1977) is
adopted. In this method, the magnetic field potential (V) induced
by an infinitely long line of current is defined based on Biot–Sa-
vart's law as

μ
π

θ
θ

=
( ) − ( )

−
⎛
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⎠⎟V

C
r a2

tan
cos

/ sin 10
0 1

where μ0 and C are the permeability of free space and line current
(in Amperes) respectively. The line current C is obtained from
current density Jx using ∫ ∫ θ=

θ
C J dr d

r x . The symbols a and r

denote the earth's radius and distance of the line of current from
the center of earth respectively. Further, the horizontal (north-
ward) component of magnetic field (H) induced due to ionospheric
current is given by,

Fig. 2. Altitude profiles of estimated nighttime current densities (black) using method 1 and Eq. (3), the measured electron density profiles (blue curves) and Ravg values (see
Fig. 1(c)). The altitude profiles of nighttime current densities over the dip equator (red colors) using the electrojet model of Anandarao (1976). The minimum current density
(green) obtained using method 2 and Eq. (6) over the altitude wherein the presence of streaming waves was observed. Subplots (a–d) correspond to the profiles at various
local times when the nighttime electron density measurements over Thumba during magnetically quiet conditions were available. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this paper.)
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The numerical simulation plane is divided into 1°(in θ)�4 km
(in r) blocks and induced H is calculated. H of each blocks are
added up to get the net induced values at ground. The maximum
uncertainty in H is found to be less than 20%.

5. Results and discussion

As mentioned in Section 3.1, Fig. 1 shows that R does not change
significantly with respect to day and night time conditions and solar
epochs. This aspect is used subsequently to derive the nighttime
E-region current over the Indian sector. Fig. 2 depicts the altitude
profiles of westward current densities during nighttime for geo-
magnetically quiet conditions estimated using the deduced Ravg

values (black) using Eq. (3), and electrojet model (red) using Eq. (9),
over the dip equator. The corresponding electron densities measured
over Thumba at different local times on a few nights are overlaid on
this figure (blue). In addition, minimum current densities ( )Jx night min, ,
estimated using Eq. (6) are also plotted in Fig. 2 (with green color)
over the altitude range wherever the streaming plasma waves were
observed. The nighttime current density ranges from ∼0.3 A/km2

near midnight to ∼0.7A/km2 during early morning hours. The
electrojet model estimated current densities match well (within the
uncertainty limits) with the deduced current density above altitude
region of 100 km.

The present investigation of the estimation of nighttime cur-
rent density is based on the in situ electron density measurements
conducted at different solar epochs and seasons. Thus, it is rather
difficult to bring out the local time variation of nighttime current
density as the electron density (Ne) and Sq electric fields (ESq) vary
with these geophysical conditions. Nevertheless, comparison of

Table 1
The derived values of westward peak current density ( )Jx max, using method 1, altitude (hp) of Jx max, , measured electron density (Ne) at hp, deduced Ravg at hp and downward

vertical drift (Vz) based on empirical model corresponding to the six rocket flights under consideration.

Case no. Time and date Altitude, hp (km) of Jx max, Ne (cc�1) at hp Ravg at hp Downward Vz (m/s) Westward Jx max, (A/km2)

1 2142 on 15/03/1975 104 5000 20.1 27.4 0.44
2 2208 on 12/03/1967 108 2540 23.5 33.1 0.32
3 2238 on 29/08/1968 109 5790 20.8 16.4 0.32
4 0013 on 03/02/1973 106 2240 24.8 22.2 0.20
5 0522 on 13/03/1967 107 4880 25.3 34.1 0.67
6 0537 on 09/02/1975 106 7356 24.8 19.1 0.56

Fig. 3. Contours of iso-current density in zonal direction over magnetic latitude-altitude region obtained using electrojet model of Anandarao (1976). In this model cal-
culation the electron densities are taken from in situ rocket measurements and zonal Sq electric field is chosen from the empirical model of plasma drift (Fejer et al., 2008)
over Indian longitude. The color-bar represent strength current density (A/km2). Current density contours in each subplot are plotted with steps of 30% of peak values over
the dip equator. Subplots (a–d) correspond to iso-current contours corresponding to electron density measurement at different local times on a few nights. (For inter-
pretation of the references to color in this figure the reader is referred to the web version of this paper.)
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these current densities in the subplots of Fig. 2 gives rise to the
following points:

1. The peak altitudes (see black curves of subplots 2b, d, e and f) of
the current density deduced using method 1 lie closer to the
altitude of 107 km corresponding to the peak value of R
whenever the altitude profiles of electron density are devoid
of large structures between 100 km and 110 km. Thus, the
values of Ravg at the altitude of peak current density remain
nearly constant. Therefore, the peak values of current density
( )Jx max, are found to vary, from one case to another, linearly with
the variations of Ne and Vz at the peak altitude. The values given
in Table 1 (obtained using method 1) are found to be consistent
with this inference. For example, by comparing cases 2 and 5 in
Table 1, the change in Jx is found to be almost doubled when Ne

is nearly doubled without considerable change in Vz.
2. In the presence of large structures in Ne profile between 100 km

and 110 km (subplots 2a and c), the current density maximizes
at the altitude wherever electron densities and Ravg values are
optimum. Thus, the peak current density need not lie around
107 km (refer cases 1 and 3 of Table 1).

3. In the absence of altitudinal structures, the altitude gradients in
Jx profiles (above and/ or below Jx max, ) obtained using the
methods 1 and 3 are found to be larger whenever the Jx values
are more (subplots 2e and f) compared to corresponding
gradients whenever the Jx values are small (subplots 2b and

d). This is consistent with the work of Onwumechili (1992b)
where the strength and thickness of electrojet current density
based on daytime measurements over the dip-equator were
shown to be inversely proportional. However, it must be noted
here that multiple layers in current density (subplots 2a and c)
are often observed during nighttime and determination of the
thickness of the peak current layer is not unambiguous.

4. In the presence of multiple layers in current density profile
whenever the electron density is structured (subplots 2a and c),
the altitude of peak current density can be identified using
method 2, as the streaming waves observed by rocket borne
measurements usually appear in the vicinity of the peak current.

5. The peak altitudes determined by method 3 are lower than
those obtained by the other methods whenever the electron
densities are devoid of large structures. However, the altitude
profiles of the current densities obtained from all the three
methods go nearly hand-in-hand with one another whenever
the altitude structures in Ne are present.

In addition to the altitudinal structure in the current densities,
the electrojet model provides latitudinal extents also. As men-
tioned earlier the altitude profiles of electron densities and the
( )ESq x from plasma drift model are given as inputs to the electrojet
model. Fig. 3 represents the contour plots of westward current
densities over the magnetic latitude-altitude plane. The color-bar
in Fig. 3 corresponds to the strength of current densities. As the

Fig. 4. (a) High resolution plots of iso-current density contours given in subplot 3(c). The input electron density profile (blue) is also overlaid. (b) and (c) Iso-current density
profiles obtained after progressively smoothing the electron density profile shown in subplot (a) and using them as the input for current density calculation. The corre-
sponding input electron density profiles are also shown in each subplot. Current density contours in each subplot are plotted with steps of 30% of the peak current values
over the dip equator. Note: Color-bar scales are adjusted to bring out the features in current density contours. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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sensitivity study revealed that maximum progressive uncertainty
in the current density obtained by combining the individual un-
certainties of all input parameters is less than 20%, the difference
between successive contours in each subplot is kept at 30% of the
corresponding peak current density values over the dip equator.

Islands of current density contours are seen in subplots 3a and
c. These distinct islands are missing in subplot 3b. They are more
conspicuous only when the input electron densities have altitu-
dinal structures. As a result, the altitude of peak current densities
is not well defined. However, when the input electron densities
have less structures the peak current altitude is well defined and
island structures (in the altitude–latitude plane) disappear (sub-
plots 3d–f). Hence, the effect of electron density structures in
nighttime electrojet current needs further attention. In order to
examine this effect, the altitude structures in electron densities
measured at 2238 LT on 29 August, 1968 are gradually smoothed by
Savitzky–Golay method (Savitzky and Golay, 1964) in the altitude
range of 90–120 km. These electron density profiles along with a
single value of ( )ESq x are used as input to the electrojet model and
the corresponding current density profiles are obtained. Fig. 4a–c
depicts the resulting iso-current density contours along with the
input electron density values. Without smoothing the electron
density profile, the island structures and larger latitudinal extent
are observed (see Fig. 4a) in current density contours. Allowing
more than 10 km structures between 90 and 120 km, the gaps
between the islands have reduced and the latitudinal extent of the
second island around 100 km has considerably reduced (see
Fig. 4b). On further smoothing of the electron density, the reduc-
tion in the latitudinal extent of current density and disappearance
of island structures are noticed in Fig. 4c. Therefore, the valley and

peak in the altitude profile of electron density in region of 90–
120 km appears to decide the gap between the islands and lati-
tudinal extent of contours representing current density.

Based on the current density estimates by the electrojet model,
the horizontal component (H) of the magnetic field induced at
ground is calculated using Eq. (11) for all the cases depicted in
Fig. 3. These calculated magnetic fields with uncertainties (marked
in orange within red circles) are shown along with the hourly
variations in the electrojet strength (represented by black line),
derived on the basis of magnetic field measurements, in Fig. 5. It is
known that strength of equatorial electrojet can be estimated
based on the magnetic field measurements over a dip equatorial
and an off-equatorial stations. Over the Indian sector, this can be
done using magnetic measurements from Thumba and Alibag
(18.6°N, 72.9°E, Dip angle 23.5°), a dip equatorial and off-equa-
torial stations respectively. It is known (e.g. Rastogi and Patil, 1986)
that Δ − ΔH HTRD ABG represents strength of equatorial electrojet
where ΔH is calculated by subtracting nighttime base value from
the instantaneous H value (where ΔHTRD and ΔHABG represent the
ΔH values over Thumba and Alibag respectively). The nighttime
base value is calculated by taking average of the five hourly values
starting from 2300 h to 0300 h. The H values calculated from the
nighttime currents obtained from the electrojet model are found
to be consistent with the magnetic measurements.

It is well known that during nighttime there is a valley in the
altitude profile of the electron density centered around 125–130 km.
In order to investigate the effect of this valley region on the polar-
ization field in the vertical direction (Ez), an exercise is carried out
using the electrojet model with varying depth of the valley. For this
investigation, the electron density measurement obtained at 2238 LT

Fig. 5. Ground-based magnetometer measured hourly variation of electrojet strength over Thumba (Δ − ΔH HTRD ABG in black). Orange dots correspond to the calculated
horizontal component of magnetic field induced at ground by the nighttime current densities shown in Fig. 3 using Eq. (11). (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this paper.)
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on 29 August, 1968 is first smoothed and then used as input to the
electrojet model with varying depth of the valley region. Fig. 6 de-
picts the resulting contours of polarization field in the vertical di-
rection ( )Ez , wherein 20% difference of the peak values are main-
tained by successive contours. However, there is no appreciable
change in current densities around 105 km (not shown). It is found
that Ez increases around 125 kmwhen there is a deep valley while it
progressively decreases as depth of the valley region reduces. Fur-
ther, the minimum strength of polarization electric field in the ver-
tical direction required for the generation of streaming waves is
about 13.8 mV/m ( = × )E V Bz x min, at 105 km. The electrojet model
calculated Ez values, near the altitude regionwherein the presence of
streaming waves was observed during measurements (as provided
in Table 2), are found to be consistent with requirement for gen-
eration of streaming waves in those altitude region barring a case

during morning hours. This is probably due to the fact that the Fejer
et al. (2008) model values deviate from the measurements on a few
occasions (as mentioned in Section 3.1).

This investigation suggests that the nighttime base value of the
horizontal component of magnetic field during geomagnetically
quiet period over the Indian dip equatorial sector is well within
6 nT if one considers pre-midnight to early morning hours. How-
ever, during magnetically disturbed periods, the horizontal mag-
netic field may change during midnight hours in varying degrees
owing to the alteration of ionospheric electric field or modulation
of the magnetospheric current systems. Under such circumstances,
it is important that these aspects are taken into account before any
realistic estimation is made on the nighttime E-region current over
the dip equatorial region. This is beyond the scope of the present
work and will be attempted in future.

6. Summary

The salient points that emerged from the present investigation
are as follows:

1. The nighttime current density deduced using method 1 and the
available electron density measurements as well as with an

Fig. 6. Effects of the depth of the valley region on the polarization electric field in vertical direction (Ez in mV/m) for (a) maximum, (b) medium, (c) shallow depth and (d) no
valley region. Iso-electric field contours in each subplot are plotted with steps of 20% of peak values over the dip equator. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this paper.)

Table 2
The values of polarization electric field in vertical direction (Ez in mV/m) obtained
using electrojet model closer to the altitude of observation of streaming waves and
zonal Sq electric field used in the model calculations.

Time and date Ex (mV/m) Ez (mV/m)

2142 on 15/03/1975 �1.03 �18.7
2238 on 29/08/1968 �0.62 �19.1
0537 on 09/02/1975 �0.72 �13.4
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electrojet model reveals E-region current in the range of ∼
0.3–0.7 A/km2 during pre-midnight to early morning hours on
geomagnetically quiet days.

2. The nocturnal E-region current density strength seems to de-
crease from the post-sunset hours to the midnight hours and
then increase during early morning hours.

3. Altitude structures are seen in the nighttime E-region current
density and are shown to be associated with the altitude
structures in the electron density.

4. The trough and crest in the altitude structures of the electron
density seem to decide the latitudinal extent and altitudinal
stratification of the nighttime E-region current density.

5. The dip equatorial polarization electric field in the vertical di-
rection obtained from the electrojet model is shown to be suf-
ficient to drive the observed streaming waves during nighttime
in a limited altitude region around 105 km baring a case during
early morning hours. The current density estimated using the
streaming wave criterion is found to be well within the esti-
mated currents.

6. The ground magnetometer observed magnetic field variations
during quiet time are well within 6 nT and match fairly well
with the calculated induced magnetic field deduced from the
current density (obtained from electrojet model).

7. The well-known dip equatorial nighttime E-region valley in the
electron density around 130 km is shown to increase the po-
larization electric field in the vertical direction near this altitude
depending upon the depth of the valley.
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The stratospheric conductivity is an important parameter of the global electric circuit. In this paper, the stratospheric 
conductivity measurements are presented, which were made using high altitude balloon flights from Hyderabad (geographic 
17.5°N, 78.5°E; magnetic lat 8.5°N), India as a part of the IMAP (1982-1994) program of India. The vertical profiles of ion 
conductivity were measured from Hyderabad during periods with different solar activity levels and during different seasons 
using different techniques. It was observed that conductivity values in stratosphere are larger in high solar activity period as 
compared to low solar activity period. This is similar in nature to the observations from mid-latitudes. The observed positive 
correlation with solar activity is discussed in terms of composition changes due to the change in intensity of the UV  
(200-300 nm) radiation with solar activity. It was found that the dissociation of heavy cluster ions to lighter ions, as 
conjectured by Gupta [Solar cycle variation of stratospheric conductivity over low latitude, Adv Space Res (UK), 26 (2000.) 
pp 1225–1229] is the main reason for the observed positive correlation of stratospheric conductivity with solar activity. No 
significant seasonal effect was noticed. In addition, conductivity profile obtained from Hyderabad is compared to that 
obtained from Cachoeira Paulista, Brazil. 

Keywords: Stratosphere, Electrical conductivity, Photo-dissociation, Ion conductivity, Solar activity  

PACS Nos: 92.60.hd; 96.60.Q–

1 Introduction 
Electrical conductivity, which is proportional  

to the product of the ion concentration and the ion 
mobility increases exponentially with altitude in  
the troposphere and stratosphere. Variations in 
conductivity may be caused by factors that can 
change either or both of these quantities. For instance, 
the ion concentration can change as a result of the 
variations in the cosmic ray flux, which is the source 
of ionization in the stratosphere and troposphere2,3. 
The stratospheric conductivity is an important 
parameter of the global electric circuit4-6. The conductivity 
in the stratospheric region is measured using Balloon-
borne experiments. In the past, there were several 
such campaign mode observations, which provided 
several new insights to this topic. For example, 
measurements of the atmospheric conductivity from 
nine high-altitude balloon flights obtained between 
the altitudes of 10 and 30 km at three locations  
widely separated in latitude provided the conductivity 
variations on local and global scales7. The observations 
were made during 1973-1981 period. The vector 
electric field and polar conductivities were measured 

by balloon-borne payloads launched from Wallops 
Island, Virginia during the summers of 1987 and 19888. 
Similarly, during the polar patrol balloon (PPB) 
campaigns, direct electric field and conductivity 
measurements were made from Antarctica9,10. 
Balloon-borne measurements of the conductivity from 
near ground level to 35 km were studied in conjunction 
with measurements of the ionization rate and  
the positive ion density and three parameters were 
used to calculate the average positive ion mobility 
profile and the effective recombination coefficient 
profile, using data from Laramie, from the flights 
during 1978-197911. All these measurements pertain 
to the mid and polar latitudes.  

One of the very important programs to study the 
variability of the middle atmospheric electrodynamics 
was the Indian Middle Atmospheric Program (IMAP), 
an important element of which was the Indian Middle 
Atmospheric Conductivity Campaign1,12,13. The  
two phases of this national program spanned from  
1982 to1994, during which the vertical profiles  
of conductivity were measured using different 
techniques from a low-latitude station Hyderabad 
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(geographic 17.5°N, 78.5°E; magnetic lat 8.5°N).  
The uniqueness of this database is that it covers  
both the high and low solar activity periods as well as 
different seasons. Using the data from four flights,  
it was shown that conductivity values in stratosphere 
are larger in high solar activity period as compared  
to low solar activity period. It was suggested that 
during high solar activity period, the heavy cluster 
ions dissociate into lighter ions giving rise to the 
enhanced conductivity over this region1. The main 
objective of this paper is to further show the solar 
activity dependence of stratospheric conductivity.  
In the present paper, the data from the four flights 
already published by Gupta1 is used and added from 
two more flights corresponding to low (daily mean 
sunspot number Rz = 26) and high (Rz =167)  
solar activity periods to show that the results are 
consistent. Further, by extracting the altitude variation 
of the difference in conductivity during solar maximum 
and minimum, it is qualitatively proved that the 
composition changes due to the changes in the UV 
radiation intensity with solar activity14,15 is a principal 
cause for the positive correlation of stratospheric 
conductivity with solar activity. It must be mentioned 
here that data obtained from same technique were 
compared for low and high solar activity periods. For 
example, the Langmuir probe (LP) data obtained on  
6 December 1995 is compared with that on 22 April 
1989, which was also obtained using LP. This was 
done to take care of the difference in values that may 
arise due to the difference in the measurement 
technique. Apart from this, conductivity profile 
obtained from Hyderabad on 5 January 1994 is 
compared to that obtained from Cachoeira Paulista, 
Brazil (geographic 22°44′S 44°56′W; geomagnetic 
11°57′S, 22°32′E) for 26 January 1994 to show the 
longitudinal differences in conductivity. 
 

2 Experimental technique 
The list of observations along with the 

corresponding sunspot number is given in Table 1. 
The balloon flights on 8 April 1987 and 6 December 
1989 used a ‘long wire’ probe and those on  
17 October 1989 and 5 January 1994 used a ‘spherical 
probe’. Both these measurements were based on 
relaxation time measurements. In this technique, one 
or more probes are driven to a potential different from 
the ground potential of the payload for a short period 
of time; the potential difference is then released and 
the probe potential is allowed to decay exponentially 
to a steady state value16. The sensor is a hollow 

spherical copper sphere of 20 cm diameter, coated 
with aquadag and mounted on a boom of one meter 
length on balloon gondola. A voltage pulse of ±5 V is 
applied for a duration of 1 sec with an interval of  
50 sec. The decay time constant is measured and  
the conductivity is calculated using the following 
equation17: 

 

τ

ε
σ =  …(1) 

 

where, ε, is the permittivity of the medium1,18. 
The balloon flights on 6 December 1985 and  

22 April 1989 used Langmuir Probe (LP) for 
measuring the vertical profiles of polar conductivity. 
The payload consisted of an electrostatic sensor, 
which is hemi-spherical (10 cm diameter) in shape 
and made of stainless steel. In this technique, a 
suitable potential is applied to the sensor with 
reference to the reference electrode and the resulting 
current is measured. Depending on the potential of the 
probe, it would collect either positive or negative 
ions. The conductivities are derived from the resulting 
I-V characteristics: 

 

PdV

dI
∝σ  …(2) 

 

where, VP, is the probe voltage.  
 

3 Results and Discussion 
Figure 1(a-c) shows the vertical profiles of 

negative ion conductivity measured over Hyderabad 
during the IMAP campaigns. The daily sunspot number 
data are taken from NSSDC (http://omniweb.gsfc.nasa.gov/ 
form/dx1.html). Figure 1(a) compares the profiles of 
negative ion conductivity on 8 April 1987 (low solar 
activity, Rz=64) with that on 6 December 1989 (high 
solar activity, Rz=187). As mentioned earlier, both are 
‘long wire’ probe measurements based on relaxation 
time. It can be seen that the conductivity increases 
exponentially with altitude. It can also be seen that the 
conductivity is high at all altitudes during high solar 

Table 1 — List of observations 

Date of observation Sunspot number 

6 December 1985 26 

8 April 1987 64 

22 April 1989 167 

17 October 1989 206 

6 December 1989 184 

5 January 1994 104 
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activity day compared to low solar activity day1, and 
the difference increases with altitude. Figure 1(b) 
compares the vertical profiles of negative ion 
conductivity on 5 January 1994 (low solar activity, 
Rz=107) with that on 17 October 1989 (high solar 
activity, Rz=206). These are also ‘relaxation time 
probe’ measurements but with a spherical probe.  
Here also, the positive correlation with solar activity 
is evident. Figure 1(c) compares the vertical profiles 
of negative ion conductivity on 6 December 1985 
(solar minimum, Rz =26) with that on 22 April 1989 
(solar maximum, Rz=167). These are LP measurements, 
and hence one cannot compare the absolute value  
of conductivity with the previous ones. However,  
both the measurements shown in Fig. 1(c) can be 
compared, since both are LP measurements. It can  
be seen that the conductivity is high at all altitudes 
during high solar activity day compared to solar 
minimum and the difference increases with altitude.  

Gupta1 suggested that the dissociation of the heavy 
cluster ions into lighter ions plays a crucial role in 
enhancing the conductivity during solar maximum 

period. To substantiate this further, the mean profile 
of difference in negative ion conductivity with  
the standard deviations is taken and calculated at each 
km [Fig. (2)]. It can be seen that the difference 
increases exponentially with altitude with a scale 
height (distance over which a quantity decreases by a 
factor of e) of ~8 km. This value matches with the 
scale height of the UV radiation (decreases as one 
goes lower in altitude). The available flux UV 
radiation for dissociation of cluster ions will be more 
at higher altitudes and hence, one can expect the 
difference in conductivity also to be more at higher 
altitudes. In other words, the scale height of the 
difference in conductivity (between high and low 
solar activity) and scale height of the change in UV 
radiation with altitude are identical in nature, and this 
further adduce the role of dissociation of cluster ions 
by UV radiation in increasing the conductivity.  
It may be noted here that the percentage changes in 
UV radiation are not being related with that  
of stratospheric conductivity because the global or 
local variations in the ion mobility can occur due to 
changes in the ion recombination rate, and hence,  
any relationship between ion mobility change and 
percentage change in UV radiation would not be 
linear. However, if the cause of the positive 
correlation of conductivity with solar activity lies in 
the variability of UV flux, then both would show 
similar scale heights as it is observed. Hence, one can 
qualitatively conclude that dissociation of the cluster 
ions and the resultant enhancement in mobility causes 
the enhancement in the conductivity during solar 
maximum period. 

 
Fig. 1 — Conductivity profiles observed from Hyderabad, India: 
Comparison of measurements using: (a) long wire probe; 
(b) spherical probe; and (c) LP for different solar activity levels 
[daily sunspot numbers corresponding to the days are given in 
legend; thick solid lines are exponential fits]  

 
Fig. 2 — Profile of the mean difference in negative ion 
conductivity (between high and low solar activity days) with the 
standard deviations [thick solid line shows an exponential fit] 
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Another important aspect which needs to be 
considered while addressing the long term changes in 
the stratospheric conductivity is the variation in the 
ionization due to galactic cosmic rays. Cosmic ray 
particles with energy greater than 1 Gev can reach 
over equator. Figure 3 shows the yearly averaged 
maxima of ion production due to galactic cosmic  
ray in the stratosphere corresponding to three 
magnetic latitudes (75°, 60°, and 45°). This is 
reproduced from Krivolutsky19. It can be seen that  
the galactic cosmic ray intensity shows substantial 
solar cycle dependence only for 75° and 60° magnetic 
latitudes with maximum intensity on solar minimum 
period and minimum intensity during solar maximum 
period. Such clear solar activity dependence is  
not seen at 45° magnetic latitude. This indicates that 
the ion production in the stratosphere does not vary 
significantly with solar activity. The stratospheric 
conductivity is determined by the ionization produced 
by the galactic cosmic rays and the ion mobility.  
At high latitudes, the cosmic ray flux has an inverse 
correlation with solar activity, whereas at mid-latitudes, 
this inverse correlation is not seen. However, it is 
observed that stratospheric conductivity has a positive 
correlation with solar activity. In fact, the positive 
correlation holds good at mid-latitudes as well.  
For instance, if one compares the conductivity 
profiles from Palestine (32°N geographic)20 for  
1 September 1976 (low solar activity Rz=17) with  
that of 6 July 1999 (higher solar activity Rz=141),  
one can see that the conductivity is high in high  
solar activity period. These observations suggest that 
one cannot attribute the observation that the stratospheric 
conductivity has positive correlation with solar  

activity to any changes in the cosmic ray fluxes.  
It must be mentioned here that similar trend can be 
seen in the conductivity variations over the South 
American sector as well. For instance, if one compares 
the conductivity value at 26 km reported by  
Pinto et al.

21 corresponding to high solar activity  
(April 1980, Rz=164) to that reported by Saba et al.

22, 
for low solar activity period (January 1994, Rz=67),  
a similar trend can be seen. 

Figure 4 compares the conductivity profile 
obtained from Hyderabad on 5 January 1994 and that 
obtained from Cachoeira Paulista, Brazil (geographic 
22°44′S, 44°56′W; geomagnetic 11°57′S, 22°32′E) for 
26 January 1994. The measurement over Cachoeira 
Paulista, Brazil is reproduced from Saba et al.

22. 
These are also made using a relaxation time probe22. 
Such a comparison of observations from two separate 
locations during same month and year was not done 
previously because the balloon-borne observations 
comprise only a very small database around the globe 
and near simultaneous measurements from two such 
locations were not available. An important point to be 
noted here is that the magnetic field strength is 
different at these two stations. It must also be 
mentioned here that the profile reported by Saba  
et al.

22 is obtained before the thunderstorm event 
when the balloon was ascending. The thunderstorm 
started after the balloon reached the float altitude22. 
Though the comparison is made using only one  
flight each for a location, considering the fact that 
very few observations are available over the world, 
this observation is considered very important.  
From this single observation, it appears that since 

 

Fig. 3 — Yearly averaged maxima of ion production rate due to 
galactic cosmic rays in the stratosphere corresponding to three 
magnetic latitudes [Source: Krivolutsky, Large scale / long term 
ozone response in connection to comsic influence, in Long term 

changes and trends in the atmosphere Vol I, 2000] 

 
Fig. 4 — Conductivity profile obtained from Hyderabad on 
5 January 1994 and from Cachoeira Paulista, Brazil for 
January 26 1994 [Source: Saba et al., Stratospheric conductivity 
measurements in Brazil, J Geophys Res (USA), 104 (D22) (1999) 
pp 27203-27208, doi: 10.1029/1999JD900221] 
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magnetic field value at Brazil is lower than over 
Indian zone, the conductivity is also higher over 
Brazil compared to India. However, more coordinated 
observations are needed to further confirm the 
differences. 
 

4 Conclusion 
The stratospheric conductivity measurements made 

using high altitude balloon flights from Hyderabad, 
India as a part of the IMPAP (1982-1994) program  
of India show that conductivity values in stratosphere 
are larger in high solar activity period compared to 
low solar activity period. This observation is similar 
in nature to that observed at mid-latitudes. The mean 
differences in negative ion conductivity increases 
exponentially with altitude and has a scale height  
of ~8 km. This value matches with the scale height  
of the UV radiation. This confirms the role of 
dissociation of cluster ions by UV radiation in 
increasing the conductivity. Another important  
aspect revealed by the present investigation is that  
the conductivity over Cachoeira Paulista, Brazil  
is significantly higher, than that observed over 
Hyderabad.  
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a b s t r a c t

In order to understand the variation in the altitudes of initiation (haoi) of E region gradient drift (GD)
waves at different longitude sectors in the vicinity of the dip equator, the linear growth rate expression
was examined. This revealed that the growth rate of the primary GD waves in an altitude region of 85–
93 km depends on the square of the geomagnetic field strength (B). This is shown to explain the lower
haoi of GD waves over Indian longitude vis-a-vis American longitudes. The available observations on the
GD waves from different longitude sectors reveal that the haoi is inversely proportional to B2.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that E-region of ionosphere over equatorial
regions supports the generation of plasma waves. The streaming
plasma waves and the gradient drift waves have been measured
over several years using radar (Fejer et al., 1975; Krishna Murthy
et al., 1998; Tiwari et al., 2003) and in situ probes (Prakash et al.,
1969; Klaus and Smith, 1978; Pfaff et al., 1985). The streaming
plasma waves are generated in closest vicinity of the dip equator
(Sekar et al., 2013), while the gradient drift waves are observed at
low latitude region as well. The characteristics of these waves and
the generation mechanisms are well documented (Kelley, 2009).
Linear and nonlinear theories were developed to understand the
measured characteristics of these waves using radar and in situ
probes. The present investigation deals with the gradient drift
waves in the lower altitude region where collisions play an im-
portant role.

The in situ measurements of electron densities and their fluc-
tuations using rocket flight from Thumba, India, revealed the
presence of electron density fluctuations from 87 km onwards
(Prakash et al., 1969). The results from the same flight also re-
vealed the co-existence of large (30–300 m) and small (3 m) size
irregularities at 87 km altitude. The amplitude of the former is
∼10–20% (Prakash et al., 1971) and the latter is 1–2%. Subse-
quently, the presence of electron density fluctuations at 87 km
altitudes in the positive electron density gradient region during
normal electrojet condition (eastward electric field) and the

absence of them during counter-electrojet (westward electric
field) condition (Prakash et al., 1979) suggest that the plasma in-
stability process governs their generation. The spectral analysis
based on several rocket flights conducted from Thumba revealed
(Prakash et al., 1980) that the spectral indices of fluctuations above
87 km lie between �3.571.5 indicating the plasma turbulence.
On the other hand, the spectral indices of the fluctuations below
80 km lie between �1.670.7 indicating that causative mechan-
ism is due to neutral turbulence. Thus, the presence of these ir-
regularities observed around 87 km is due to the gradient drift
waves. These waves at lower altitude could not be damped by
enhanced neutral collisions and/or by increased recombination
effect in the presence of sunlit condition. In contrast to these
observations over Indian sector, large and small scale size irregu-
larities were observed only above 93 km during afternoon hours
over the American sector (Klaus and Smith, 1978). The VHF radar
observation from Jicamarca consisting of the temporal sequence of
backscatter power of small scale size irregularities (Fejer et al.,
1975) supports the above findings. The linear growth rates were
evaluated based on the measurements from three different rocket
flights and radar observations (Pfaff et al., 1985). Their work in-
dicated that the growth of the irregularities by gradient drift
mechanism is possible only above 93 km altitude in the American
zone.

It is to be noted here that the present investigation is restricted
to the vicinity of the dip equator as the vertical polarization
electric field that drives the gradient drift waves is substantially
reduced at the off-equatorial region. Further, it is assumed fol-
lowing Sudan et al. (1973) that the small-scale irregularities (a few
meters) are generated as a consequence of primary gradient drift
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waves with sufficient amplitudes. In addition, as the present in-
vestigation pertains to 85–93 km altitude region where collisions
dominate, isothermal condition is assumed. Based on these as-
sumptions, the linear growth rate expression of the primary gra-
dient drift waves is examined to address the differences in the haoi

of the generation of gradient drift waves over Indian and American
sectors. In this short note, the possible explanation for this dif-
ference is provided.

2. Examination of growth rate expression

The growth rate (γk) of the primary waves of equatorial elec-
trojet irregularities (Sudan et al., 1973; Rogister and D'Angelo,
1970) is as follows:

γ Ψ
Ψ

Ω
ν

ω
ω

ν
=

+
+ −

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥kL

k C
1

.
1

(1)
k

e

e

k
k s

i

2 2 2

where

ω
Ψ

=
+
kv

1 (2)k
d

Ψ
ν ν

Ω Ω
=

(3)
i e

i e

and plasma scale length (L) in the vertical direction (Z) is given by
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The symbols N, ν, and Ω represent plasma density, collision
frequency and gyro frequency respectively. The subscripts i and e
correspond to the species ions and electrons, respectively. The
symbols k, vd and Cs denote wave number, electron drift in the
zonal direction and ion acoustic speed, respectively. The primary
waves in the zonal direction grow in the region whenever the
growth rate γk is larger than the recombination rate (2αN, where α
is the recombination coefficient). The first term in Eq. (1) re-
presents the growth of gradient drift waves while the second term
corresponds to the growth of two stream waves. In the lower al-
titude (85–95 km) region, for the generation of gradient drift the
first term is important.

The altitude variation of Ψ is large due to the exponential
variation of collision frequencies. In earlier studies on equatorial
electrojet, the value of Ψ is taken to be 1 around 100 km altitude
(Rogister and D'Angelo, 1970) and 0.22 at 105 km (Kelley, 2009).
However, the value of Ψ is much higher in the altitude range of
85–93 km, the region where the initiation of the gradient drift
waves occur at different longitude sectors (to be discussed later).
The present investigation aims to understand this longitudinal
variation. Therefore, the values of Ψ fall in the range of a few
hundred at 85 km to ∼10 at 93 km. Thus, in this altitude range, the
value of 1 þ Ψ can be assumed to be equal to Ψ .

Thus
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Here Ez and B are the vertical polarization field and strength of
geomagnetic field respectively. Since the gyro frequencies (Ωi, Ωe)
of ions and electrons are proportional to B, the growth rate (γ) at
lower altitude is proportional to B2.

Simultaneous measurements of electric field, electron density
profiles and neutral densities from Indian and American sectors
are not available to evaluate the growth rate over American (γA)
and Indian (γI) sectors. Therefore, the growth rate at 93 km altitude
over American zone (γ A93 ) is taken as a reference growth rate
where the systematic measurements using Jicamarca radar reveal
the initiation of Type-II echoes. The other growth rates are nor-
malized to these values.

Examining Eq. (7), it is found that the variation of collision
frequencies with altitude is dominant and hence this variation is
only considered for further analysis. νi and νe are proportional to
neutral densities which increase exponentially as the altitude
decreases with respect to the reference altitude of 93 km. Thus,
the altitude variation of the growth rate can be expressed as
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where ‘h’ is the altitude lower than the reference altitude 93
(i.e. ≥ >h93 85) and H is the neutral density scale height.

Therefore,
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Assuming the similar neutral atmospheric parameters over the
Indian sector, the corresponding variation of growth rate can be
written as

γ
γ

=
−e
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3. Results and discussion

It is clear from Eq. (7) that the growth rate of primary GD waves
is proportional to the square of the strength of the geomagnetic
field. As the growth rate increases with geomagnetic field
strength, the haoi can be expected to be less. In order to verify the
possible relation between the square of the geomagnetic field
strength and haoi, observations where either radar or rocket data is
available in the literature containing the haoi over certain dip
equatorial stations are compiled and provided in Table 1 along
with the strengths of the magnetic field based on the International
Geomagnetic Reference Field (IGRF) model. Fig. 1 depicts the

Table 1
Location, geographic latitude and longitude, magnetic field strength (Gauss) ob-
tained from the IGRF model, haoi of gradient drift waves obtained from either radar
or in situ measurements and the relevant references are given.

Location Geog. lat./
long. (deg)

B (Gauss) haoi (km) References

Thumba 8.5N/77E 0.40 87.0 Prakash et al. (1969) and
Tiwari et al., 2003

Pohnpei 6.95N/158.2E 0.33 88.7 St. Maurice et al. (2003)
Alcantara 2.33S/44.4W 0.31 91.0 Lehmacher et al. (1997)
Jicamarca 12.5S/76.8W 0.26 93.0 Fejer et al. (1975) and Klaus

and Smith (1978)
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relationship between geomagnetic field strength and haoi. The
linear relation in Fig. 1 suggests that haoi is mainly controlled by the
square of the strength of the magnetic field. This probably explains
the variation in the lowermost altitude for the generation of gra-
dient drift waves over Indian and American zones.

In order to ascertain this point, the growth rates of the primary
GD waves over Indian and American longitudes need to be eval-
uated at the same time. As mentioned earlier, simultaneous
measurements of all the parameters are not available from both
sectors. Therefore, certain assumptions are made to evaluate the
ratio of the growth rates of the primary GD waves over Indian and
American zones (γI/γA). The neutral atmosphere is assumed to re-
main same over Indian and American zones. The plasma scale
lengths observed around noon hours over Indian (Subbaraya et al.,
1983) and American zones (Klaus and Smith, 1978) are nearly
same probably due to similar photochemical equilibrium which
governs the E-region ionosphere and its altitude structure.
Therefore, the plasma scale length L is assumed to be the same
over these two sectors. Using Eq. (7) and the values of B over In-
dian and American zones from Table 1, the ratio γI/γA turns out to
be 2.4n(EzI/EzA), where EzI and EzA are the vertical polarization
electric fields over Indian and American zones, respectively. The
direct measurement of vertical polarization field is extremely
sparse. The available values in the literature over Indian zone
(Sartiel, 1977) and American zone (Pfaff et al., 1997) reveal the
same value of ∼5 mV/m at 99 km altitude and 10 mV/m at the
altitude where the electrojet current is maximum. In general, the
vertical polarization fields Σ Σ= ⁎E E( / )z sq H P are inferred by using
the product of global tidal zonal electric field (Esq) and the ratio of
integrated Hall (ΣH) to Pedersen (ΣP) conductivities (Σ Σ/H P). The
calculated ratios of integrated conductivities over Indian zone
(Anandarao et al., 1977) and over south American longitudes
(Denardini, 2007) are estimated to be ∼10 and ∼15 at 90 km alti-
tude, respectively. Assuming that the off-equatorial Esq electric
fields map over equatorial F region, the Esq fields over Indian and
American longitudes can be obtained by multiplying the corre-
sponding geomagnetic field strengths with the drifts obtained
from the Scherliess and Fejer model (Scherliess and Fejer, 1999).
The maximum deviation in the Esq fields over Indian and American
zones during daytime, thus obtained, is ∼1.0 mV/m and ∼0.6 mV/
m, respectively. Therefore, the ratio of the vertical polarization
fields over Indian and American zones can be expected to vary
within 10% that appears to have secondary effect in the determi-
nation of haoi. Thus, haoi at different longitudes in the vicinity of the

dip equator appears to be independent of dynamically varying
paramater like vertical polarization electric field. Most im-
portantly, this inference gets support from a number (16) of day-
time rocket flight measurements conducted at different local times
(between 0600 and 1800 h) on normal electrojet days from
Thumba (Gupta, 2001) revealing electron density fluctuations with
the characteristic of plasma turbulence (as described in the In-
troduction section) and haoi to be at 87 km irrespective of having
different strengths of vertical polarization electric fields during
daytime. This suggests that if one neglects the effects of collision,
the vertical polarization electric field in the vicinity of the dip
equator over Indian and American longitudes will be sufficient for
the generation of GD waves at the base of E-region (∼87 km) un-
der suitable plasma density gradients to overcome the effects due
to recombination. However, the growth of GD waves will be im-
peded by collisions where the ratio of collision to gyro frequencies
is larger. Assuming that the collision frequencies are same over
Indian and American longitudes, the larger gyro frequencies of
electrons and ions bring down the haoi to 87 km over Indian sector
in comparison to 93 km over American sector. For the calculation
of relative growth rate (γ γ/I A) and discussion in the subsequent
paragraph, the ratio of polarization electric field over Indian and
American zone is assumed to be unity. The consequences of re-
laxing this assumption are also discussed.

In order to examine whether the increase in the growth rate
over Indian zone compared to the American zone is sufficient to
explain the initiation of gradient drift waves over Indian zone at
lower altitude, the following exercise is carried out. The relative
growth rates (compared to 93 km, where the value is taken as
unity) over the American zone are calculated using Eq. (9) with a
neutral scale height value of 6 km (H¼6 km). Similar calculations
were done over Indian longitudes using Eq. (10) and taking
γ γ= 2.4I A93 93 due to the differences in the strength of the geo-
magnetic field over these regions. Fig. 2 depicts the altitude pro-
files of the relative growth of gradient drift waves over American
and Indian zones. In order to compare with the normalized decay
rate, the relative recombination rates ( α αN N2 /2eh e93) are overlaid in
Fig. 2. This curve based on average electron number densities
during daytime is obtained from several rocket flight measure-
ments (Subbaraya et al., 1983) carried out from Thumba. It may
also be noted that based on the calculation of differences in the
growth rate with respect to recombination rate (∼25%) around

Fig. 1. The relation between altitude of initiation haoi of the gradient drift waves
gleaned from different sources (see Table 1) and the inverse of the square of the
strength of the geomagnetic field over corresponding longitude sectors.
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Fig. 2. Altitude of variation of relative growth rates over Indian (solid line) and Amer-
ican (dotted line) sectors based on Eqs. (9) and (10). Relative decay rate (marked by
asterisks) obtained based on electron densities obtained from Thumba is also overlaid.
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95 km (Pfaff et al., 1985), it is assumed that there exists 10% dif-
ference at 93 km between them to explain the observations over
Jicamarca. From Fig. 2, it is clear that the relative growth rate of the
gradient drift waves is larger than the relative recombination rate
at 88 km over Indian longitudes while the same over American
longitude is around 92 km. Thus, the combined effects of increased
growth rate due to the strength of the magnetic field and the re-
duction in the decay rate due to the low electron number densities
contribute to the initiation of gradient drift waves as low as about
88 km over Indian longitudes. The slight departure from the ob-
servation in the lowermost altitudes over Indian and American
zones is probably due to various assumptions involved in obtain-
ing Fig. 2.

The assumption of same vertical polarization field over Indian
and American zones is not expected to alter the conclusion on haoi

as long as the vertical electric fields are significant. This happens in
the vicinity of the dip equator above certain altitudes probably
∼88 km. At altitudes lower than this, certain variations are ex-
pected with the strength of the electric field. Further, haoi over off-
equatorial station like Gadanki (12.5° dip), India, where the ver-
tical electric fields are small compared to dip equatorial stations,
haoi is expected to vary with local time with the variation of electric
field and plasma density. The observations over Gadanki by
Choudhary et al. (1996) reveal a decrease in haoi with time.

Finally, it is to be noted that the dependence on the square of
the strength of the magnetic field is essentially applicable at lower
altitude ( ≥ >h93 85 km) where the approximation Ψ Ψ+ ≈(1 )
can be made. Thus, the dependence will not be entirely agreeable
at the equatorial electrojet altitude region (∼105 km) as Ψ < 1 at
this height. Further, examination of the growth rate expression
(Sudan et al., 1973) of the vertically propagating secondary waves,
the growth rate corresponding to secondary waves is proportional
to cube of strength of magnetic field at lower altitudes and square
of the amplitude of the primary waves. Thus, even smaller am-
plitudes of primary waves at lower altitude can lead to significant
secondary waves where the strength of the magnetic fields is
stronger.

4. Conclusions

Examination of linear growth rate expression of the gradient
drift waves in the range of 85–93 km in the vicinity of the dip
equator reveals that the growth rate depends on the square of the
magnetic field strength. The increase in the growth rate over In-
dian longitudes due to geomagnetic field strength in conjunction
with the lower decay rate due to less electron densities at lower
altitudes explains the initiation of these waves at a lower altitude
compared to their counterpart over Jicamarca.
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a b s t r a c t

Systematic ground-based magnetometer measurements from Thumba (8.471N, 76.61E) and Tirunelveli

(8.731N, 77.81E), India, revealed a movement of the magnetic dip equator towards the south.

The magnetic dip angle measured over Thumba increased by about 21 during 1985–2010. In view of

the movement of the dip equator over Thumba, the dependence of the generation of streaming plasma

waves on the dip angle is examined. An order of magnitude calculation using the results obtained from

the thin-shell model of the electrojet is performed. The calculation suggests that the streaming waves

over Thumba during magnetically quiet periods at noontime exist when the dip angle is o1.51 and that

these waves are generally absent whenever the dip angle is Z1.51. Evidence based on in situ rocket and

ground-based radar measurements is provided by comparing earlier and recent observations.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The movement of the location of the dip equator over the
southernmost part of India in the last two decades has been
reported in the recent past (Rangarajan and Deka, 1991; Deka
et al., 2005) using ground-based geomagnetic observations.
A ground magnetic survey was conducted (Deka et al., 2005) on
the landmass in the southernmost part of India between 81N and
91N latitudes and compared with the International Geomagnetic
Reference Field (IGRF) model. This survey revealed a well-defined
southward migration of the dip equator over three and a half
decades (Deka et al., 2005). Though the movement of the dip
equator is less than 11 in latitude, it affects the geometry of the
geomagnetic field over the well-known dip-equatorial rocket
launching station Thumba by making it less horizontal. This
affects the development of plasma waves associated with the
equatorial electrojet, particularly those waves whose develop-
ment depends on a large threshold value of electron drift.

Two types of plasma waves over the magnetic dip equator are
excited with scale sizes ranging from few tens of meters to a few
meters. One of them is due to the streaming of electrons (also
known as the Type-I or Farley–Buneman wave), caused by the

enhanced electrical conductivity (Cowling conductivity) over the
dip equator, giving rise to electrons speed exceeding the ion
acoustic speed of the plasma (Farley, 1963; Buneman, 1963). The
other plasma wave is known as the gradient drift (Simon, 1963;
Reid, 1968) or Type-II wave. This wave has been observed either
in the positive or the negative gradient regions whenever the
vertical electric field is non-zero (Prakash et al., 1972) and parallel
to the background electron density gradient (Reid, 1968).
The characteristics of these two plasma waves have been inves-
tigated using rocket-borne probes, ground-based VHF radars at
different frequencies (Balsley and Farley, 1971) and HF radars.
Ground-based radar measurements with different frequencies,
although technically challenging, provide information only on a
small number of scale sizes. On the other hand, in situ rocket-
based measurements provide complementary information on the
spectrum of irregularities, although restricted to the time of the
experiment. Hence, it becomes necessary to make use of all the
relevant techniques in order to understand the equatorial
electrodynamics.

Rocket-borne probe measurements have been conducted from
Thumba, India (Prakash et al., 1972; Subbaraya et al., 1983), Punta
Lobos, Peru (Pfaff et al., 1987) and Alcantara, Brazil (Pfaff et al., 1997).
The co-existence of fluctuations in the electric field and plasma
densities (Kelley, 2009) revealed the electrostatic nature of the
plasma waves. Further, the results obtained from the rocket flights
revealed that, within 1–15 m scale sizes, the streaming wave
amplitudes increase with a decrease in scale sizes, while that of
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the gradient drift waves increase with increasing scale sizes (Prakash
et al., 1972).

The initial investigations of these plasma waves with the �3 m
scale size were carried out using VHF radars over Jicamarca, Peru
(Cohen and Bowles, 1967) and Thumba, India (Prakash et al., 1974).
Subsequently, observations have been made for more than two
decades from India (e.g. Reddy and Devasia, 1981; Krishna Murthy
et al., 1998) and Jicamarca (e.g. Fejer and Kelley, 1980; Kelley,
2009). At a later time, these waves with scale size of 8.3 m were
also investigated using the HF backscatter radar measurements
from Thumba (Tiwari et al., 2003). These investigations revealed
that the gradient drift waves were observed during day and night
even with small electric field values. Further, the gradient drift
waves or their manifestation on the ionograms, the Esq traces,
(Krishna Murthy and Sen Gupta, 1972) are observed well beyond
the dip equator (Krishna Murthy et al., 1998; Gupta, 1997).
Furthermore, the VHF radar observations (Choudhary et al., 1996)
from Gadanki (12.51 dip angle) confirm this inference. On the other
hand, the streaming waves are generated only when the electron
velocity exceeds the ion acoustic velocity of the medium and are
observed during the daytime for a finite period around 0900–1300
IST, (Indian Standard Time¼UTþ5.5 h) over the dip equator
(Krishna Murthy et al., 1998) in the Indian sector. It is difficult to
measure the possible latitudinal extent of the existence of stream-
ing waves with respect to the magnetic dip equator. It is envisaged
that the generation of the streaming waves is likely to get affected
by the movement of the dip equator as the generation of these
waves requires a large threshold value of electron drift, while the
generation of the gradient drift wave is less likely to be affected.

Linear (Farley, 1963; Buneman, 1963; Simon, 1963; Reid,
1968) and non-linear (Sudan, 1983) theories were developed to
understand the observed characteristics of these plasma waves.
The linear theory suggests (Reid, 1968) that the gradient drift
waves exist in the E-region of the ionosphere at locations where
the background electric field is parallel to the gradient in the
electron density. However, the linear theory on the gradient drift
waves is not adequate to explain the generation of vertically
propagating waves as observed by both rocket and radar mea-
surements. A two-step instability process was developed by
Sudan et al. (1973) to explain these measurements. In this
approach, the primary horizontal waves grow in amplitude,
causing local horizontal gradients and thereby assisting the
growth of vertically propagating waves. Further, the perturbation
electric fields become comparable to that of the background
electric fields and thereby assist the generation of streaming
waves. Experimental evidences of streaming wave structure
embedded in kilometers scale gradient drift waves are obtained
(Kudeki et al., 1982) using radar interferometry. Recently, the
east–west asymmetry of spectral shapes (Choudhary et al., 2006;
St.-Maurice and Choudhary, 2006) is ascribed to the embedding of
streaming waves in gradient drift waves. Another important
aspect, which affects the threshold condition of the streaming
waves, is the effect due to non-isothermal electrons. St.-Maurice
et al. (2003) showed evidence for the increase in the phase
velocity of the waves of 1.46 times at �100 km when the electron
thermal fluctuations are included in the evaluation of the acoustic
speed of ions. Many nonlinear models of streaming waves which
bring out evolution of these waves and the saturation of phase
velocity of the waves are available in literature (e.g. see Kelley,
2009). In contrast, the linear theory of streaming waves provides
the necessary condition for the onset of these waves when the
electron drift velocity exceeds the characteristic sound speed of
the medium.

The generation of streaming plasma waves is decided by the
magnitude of the drift velocity of electrons in the E-region, which is
inversely proportional to the geomagnetic field strength. This

magnetic field strength is larger over the Indian longitudes in
comparison with the American longitudes. Further, the rate of change
of magnetic dip angle with latitude varies differently over the Indian
zone in comparison with the American zone (Forbes, 1981). In the
present work, the possible association of the generation of the
streaming waves with the dip angle is addressed over the Indian
sector. This kind of investigation could not be carried out earlier over
the Indian region due to the lack of steerable radar close to the dip
equator. Further, rocket-borne experiments from a ship around the
dip equator such as those reported by Davis et al. (1967) have never
been conducted over Indian longitudes. Moreover, accurate measure-
ments of the altitude profile of the electric field in the E-region from
close-by latitudes centered around the dip equator are difficult to
obtain. In spite of these constrains, the existing set of available
measurements provides one with an opportunity to estimate the
limiting dip angle up to which the generation of streaming waves is
possible over the Indian region.

The scope of this communication is as follows. In Section 2, the
dependence of the generation of streaming waves on the dip
angle is examined. In Section 3, the details of the observations
used to support the movement of the dip equator are described.
Further, details of the observations made on the presence of the
streaming waves using in situ probes and ground-based radar are
also described. The results obtained from those observations are
presented in Section 4. The effect of movement of the dip equator
in the generation of streaming waves is discussed in Section 5 and
results of the investigation are summarized in Section 6.

2. Dependence of the generation of streaming waves on the
dip angle

The condition for the generation of streaming plasma waves
obtained by earlier works is that they are generated when the drift
velocity of electrons exceeds the sound velocity (Farley, 1963).
Detailed theoretical studies (Farley, 1963; Sudan, 1983) reveal that
the electron drift velocity needs to exceed the velocity of sound by
(1þc0) times. The c0 is given by the following equation:

c0 ¼
neni

oeoi
ð1Þ

In the above expression, n and o represent collision and
gyration frequencies and the subscripts e and i represent elec-
trons and ions, respectively. The value of c0 is about 0.1 at
105 km altitude over Thumba, and increases at altitudes of 90 km
and below. Mathematically, the condition for the generation of
streaming waves can be written as:

Ez

B
4 ð1þc0Þ Cs ð2Þ

where Ez is the vertical electric field. B and Cs denote the strength
of geomagnetic field and the sound speed, respectively. According
to the thin shell dynamo equation, the vertical electric field (Ez) is
related to zonal (El) and meridional (Ey) electric field components
by the following expression (based on equation 14 in Forbes
(1981)):

Ez ¼�
ðszlElþszyEyÞ

szz
ð3Þ

where the relevant terms in the conductivity tensor (ŝ) are as
follows (based on equation (10) in Forbes (1981)):

slz ¼�szl ¼ s2 cos I ð4Þ

szy ¼ syz ¼ ðs0�s1Þ sin I cos I ð5Þ

szz ¼ s1 cos 2Iþs0 sin 2I ð6Þ
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Here, s0, s1 and s2 refer to parallel, Pedersen and Hall conductiv-
ities, respectively. As the magnetic field lines are equipotential,
the Ey term in Eq. (3) can be neglected. Under these conditions,
Eqs. (2) and (3) can be reduced to reach the following condition:

slz

szz
�

El
B

� �
4 ð1þc0ÞCs ð7Þ

The left hand side of Eq. (7) represents the horizontal plasma
drift due to the vertical polarization electric field (Ez). This vertical
polarization field over the dip equatorial E region arises owing to
the modification of the zonal electric field by a factor R due to the
geometry of geomagnetic field. The factor R (which is a function of
the dip angle I) is given by

RðIÞ ¼
Ez

El
¼
slz

szz
¼

s2 cos I

s1 cos 2Iþs0 sin 2I
ð8Þ

The factor, R(I) (henceforth denoted by R), over the dip equator
attains a maximum value of about 30–35 (Anandarao et al., 1977),
and this critically depends on the horizontal nature of the
geomagnetic field. At locations where the magnetic dip angle (I)
values are non-zero, this factor R will decrease from the max-
imum value. Further, even when R is at its maximum, the
strengths of the electric and magnetic fields also determine
the existence of the streaming waves. Thus, on a given day, as
the strength of the zonal electric field (El) changes diurnally, only
a certain duration is suitable for the generation of streaming
waves. This duration of the existence of streaming waves during
the daytime is from around 0900 to 1300 IST over the Indian
longitudes (Krishna Murthy et al., 1998) and it can be used to
determine one of the limiting values for condition (7) to be
satisfied.

Combining Eqs. (7) and (8) the following condition needs to be
satisfied for the generation of streaming waves.

El=B

Cs
4ð1þc0Þ

s1

s2
cos Iþ

s0

s1

sin 2I

cos I

 !
ð9Þ

It can be seen from the condition that the requirement of zonal
electric field to satisfy Eq. (9) [(El)min] is independent of electron
number densities, as the right hand side (RHS) depends on the ratios
of conductivities. Thus, the required electric field [(El)min] is not
expected to change with the changes in the electron densities
associated with the solar cycle. As (1þc0) increases exponentially
below 90 km, the generation of streaming waves is not conducive at
altitudes of 90 km and below. Further, it is clear from Eq. (9) that the
requirement of [(El)min] increases with the increase in dip angle,
irrespective of its polarity. Furthermore, the second term in the
parenthesis on the RHS increases rapidly with the increase in the
dip angle due to large values of direct conductivity (s0). In other
words, the development of the vertical polarization field is inhibited
by large values of direct conductivity as dip angle increases, and
thereby makes the condition non-conducive for the generation of
streaming waves. As the dip angle deviates from 01 to 21 the second
term becomes large and thereby the requirement of zonal electric
field for the generation of streaming waves increases beyond the
observed values. This aspect is discussed in the ensuing paragraph.

An order of magnitude calculation is performed by making use
of the results of the thin shell model wherein complete inhibition
of vertical current is assumed. Using the expression given in
Eq. (8) and also the conductivity profiles given in Figure 28 of
Forbes (1981), the factor R that enhances the primary zonal
electric field is calculated for a few values of dip angle. It is
shown by Anandarao et al. (1977) that the local and field line

integrated values of various parameters, including conductivities,
yield similar R values in the E-region. Therefore, only local values
are used for the present calculations. This value of R is around 32,
corresponding to 100 km altitude over the dip equator. The
calculated R is found to reduce to 18, 11.4, and 8 for the dip
angle values 11, 1.51, and 21, respectively. The model calculations
reveal that the altitude, where the vertical electric field max-
imizes, is about 5 km lower than the corresponding value
deduced from the measurements of current and electron densities
(Subbaraya et al., 1972; Forbes, 1981). In order to account for this
discrepancy, it is assumed that the above calculated R values
correspond to 105 km altitude. Using these R values and the value
of c0 (0.1) at 105 km over Thumba, the requirements of zonal Sq

electric fields are found out so that the electrons drift is (1þco)
times the speed of sound (Cs¼330 m s�1 at 105 km). Thus,
obtained zonal Sq electric field values are 0.79, 1.24 and
1.8 mV m�1 when the dip angle becomes 11, 1.51 and 21, respec-
tively. These zonal electric fields correspond to the vertical
plasma drifts of 20, 32 and 45 m s�1 at 11, 1.51 and 21 dip angles,
respectively over the Indian region. However, the maximum
vertical drift velocity over Indian longitudes during the magneti-
cally quiet period around noon time by the global empirical
model (Scherliess and Fejer, 1999) is only around 25–30 m s�1.
This empirical model velocity (and El) does not change within a
few degrees of the dip angle. Thus, it is estimated that the
signatures of the streaming waves disappear when the dip angle
is between 11 and 1.51. Incidentally, a similar result is shown in
Fig. 1 (private communication from St.-Maurice, 2012) with the
magnetic field strength of 0.35�10�4 T and with more refined
calculations of minimum El/B, including non-isothermal condi-
tions and allowance for the assistance by gradient drift waves
using the conditions given by St.-Maurice et al. (2003). Fig. 1
depicts the altitude-dip angle variations of contours of minimum
vertical drift (El/B)min corresponding to the minimum horizontal
electric field (El)min in order to excite the streaming waves with a

Fig. 1. Altitude-dip angle variations of contours of minimum vertical drift (El/B)min

corresponding to the minimum horizontal electric field (El)min in order to excite the

streaming waves with a 8.3 m scale size. The calculation is based on conditions given

in St.-Maurice et al. (2003), which includes non-isothermal conditions and allowance

for the assistance by gradient drift waves. The strength of the magnetic field

assumed is 0.35�10�4 T (courtesy: St.-Maurice, private communication, 2012).
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8.3 m scale size. Considering the maximum vertical drift values of
30 m s�1 (Scherliess and Fejer, 1999), it is clear from Fig. 1 that
the transition from appearance to disappearance of streaming
waves occurs between 11 and 1.51 dip angle. Interestingly, this
inference from Fig. 1 is similar to the estimation given based on
the order of magnitude calculation presented here. However,
taking into account the over-estimation of R due to the limitations
of the thin shell model as discussed in Section 5, it can be taken
that the transition is around the 1.51 dip angle. In other words, the
detection of streaming waves was possible at an earlier time
when the dip angle was o1.51 and the same waves are unlikely
to be present in the recent past when the dip angle is Z1.51.
In order to examine this proposition, in situ and ground-based
measurements are used. The details of observations along with
the results are presented in the following sections.

3. Details of observations

A network of observatories, monitoring geomagnetic field
variations in the Indian subcontinent on a continuous basis, is
operated by the Indian Institute of Geomagnetism. During the
period 1957–1999, magnetic measurements in the equatorial
region were carried out from Thumba (TRD 8.471N, 76.61E) using
an analog classical magnetometer having a resolution of 1.0 nT.
Subsequently, in the year 1999, the equatorial magnetic observa-
tory was shifted to Tirunelveli (TIR 8.731N, 77.81E), where proton
precession and fluxgate magnetometers are being operated rou-
tinely to measure the magnetic field with a resolution of 0.1 nT.

The characteristic signatures of the plasma waves were detected
using in situ probes and a ground based radar. The details of these
experiments are briefly discussed in the following paragraphs.

A modified Langmuir probe system was designed and devel-
oped (Prakash and Subbaraya, 1967; Subbaraya et al., 1983) at the
Physical Research Laboratory, India, to measure electron densities
and plasma waves in the ionosphere. In this system, internal
leakage current and capacitance leakage are reduced and thus, it
enables measurements of variations in the electron densities due
to the presence of plasma waves. The dc component of the probe
current is calibrated with a ground-based ionosonde to obtain
electron density (N). The fluctuations in the probe current
(proportional to the electron density fluctuations, DN) are sepa-
rated using a band-pass filter (�70–1000 Hz) and telemetered
after suitable amplification. Thus, the scale sizes of the fluctua-
tions corresponding to these frequencies turn out to be 15–1 m
for a typical rocket velocity of 1 km s�1. The percentage ampli-
tudes of normalized electron density fluctuations are deduced
from ðDN=NÞ � 100: Probes of such type have been flown over the
years from Thumba and also from another low latitude station,
SHAR (13.81N, 80.21E). A similar Langmuir probe was flown
during the rocket flight on 16th January, 2010. In this commu-
nication, the latest results obtained on 16th January, 2010, are
presented and compared with the typical results obtained during
earlier periods from Thumba.

Coherent backscatter radar in the HF range was designed and
fabricated at Thumba by the Space Physics Laboratory, India. This
is a coherent pulsed Doppler radar capable of operating either at
18 or at 9 MHz. The power aperture product of this system can be
as high as 5�108 W m2. The complete details of this radar, along
with the scientific results, are available in literature (Janardhanan
et al., 2001; Tiwari et al., 2003). The results obtained from this
radar operating at 18 MHz with the beam orientation of 151 west
off-zenith in the recent (2010) years are presented and compared
with the typical spectra obtained at an earlier time. Further,
support is also taken from published results (e.g., Krishna Murthy

et al., 1998) using the backscatter VHF radar operating at
54.95 MHz from Thumba. The system details of the VHF radar
are available in literature (Prakash et al., 1974; Reddy et al., 1990).

4. Results

Fig. 2(a) depicts the location of the dip equator in geographic
latitudes over the Indian longitude (77.51E) from the International
Geomagnetic Reference Field model. The location of the rocket
launch station at TRD is marked by the horizontal line. The annual
mean of the measured values of the dip angle of the geomagnetic
field at TRD (geographic 8.471N) from 1957 to 1998 and the same at
the nearby station TIR (geographic 8.731N) from 1999 to 2010 are
depicted in Fig. 2(b). It is noted that the variation of the dip angle
over TIR maintained a steady increase till 2010, indicating a south-
ward movement of the dip equator in conformity with earlier work
(Deka et al., 2005). Therefore, in order to have continuity, the dip
angle over TRD should increase from 1999 to 2010. Assuming the
same slope with time as that of TIR, the dashed curve has been
plotted in Fig. 2(b) to represent the change in the dip angle over
TRD. It is also conspicuous from Fig. 2(b) that the dip angle (I) over
TIR is smaller than that over TRD, although one would expect it to
be greater, as TIR is north of TRD and the dip equator has moved
further southward from this region. This difference in the dip angles
between TIR and TRD is believed to originate from the magnetic
Z-component anomaly (e.g. Arora and Subba Rao, 2002; Rastogi
et al., 2004; Deka et al., 2005; Kuvshinov et al., 2007) over the
Indian subcontinent, as the changes in the magnitude of H with

Fig. 2. (a) Location of the dip equator over the Indian longitude (77.51E) obtained

by the International Geomagnetic Reference Field Model. The horizontal line refers

to the location of the rocket launching station, Thumba (TRD). (b) Annual mean of

the measured dip angle from Thumba (TRD; filled circle) and Tirunelveli (TIR,

8.731N; filled triangle). The projected dip angle over TRD after 1999–2010 is

denoted by a dashed line.

R. Sekar et al. / Journal of Atmospheric and Solar-Terrestrial Physics 103 (2013) 8–15 11

82



Author's personal copy

latitude are smaller in the equatorial region as compared to that in
the Z-component. It is known that the magnetic dip angle (I) is
related to the Z-component (vertical component) and the
H-component (horizontal component) through the following rela-
tionship:

I¼ tan �1 Z

H

� �
ð10Þ

In contrast to the expectation over a station in the northern
hemisphere, observations from the Indian magnetic observatories
reveal that Z is positive over Thumba (e.g. Rastogi et al., 2004) and
nearby places. This is the Z-anomaly which alters the polarity and
magnitude of the Z-values (and, as a consequence, the dip angle)
over the southern peninsular region of India. Many hypotheses
like the induction effects of the equatorial electrojet (EEJ) current
along the Palk strait (the narrow sea channel between India and
Sri Lanka), sub-surface conductivity anomalies in this region, etc.
have been invoked to explain this Z-anomaly (for a detailed
discussion on this, see Rastogi et al. (2004) and Kuvshinov et al.
(2007), and references cited therein). The peculiar variation of the
dip angle over the Indian subcontinent is expected to have
localized effects on the development of streaming waves. As this
aspect is not directly relevant to the present investigation, it is not
discussed further. Nevertheless, it is worthwhile to note from
Fig. 2 that the dip angle value over TRD/TIR in the year 2010 is far
from zero, indicating that the dip equator has deviated southward
of these locations.

Fig. 3(a) depicts the altitude profiles of electron density and
percentage amplitudes of normalized electron density fluctuations
(as defined in Section 3) measured by the Langmuir probe on-
board a RH-300 MKII rocket flight conducted at 1220 IST on 16th
January, 2010. A steep electron density gradient between 85 and
92 km followed by a lesser gradient between 93 and 98 km altitude
region is recorded. Enhancements in the amplitudes of normalized
electron density fluctuations are seen in Fig. 3(a) corresponding to
these gradient regions. Note that the amplitude is larger in the
altitude region of 85–92 km where electron density gradients are
steeper. These are signatures of gradient drift waves. The magnetic
observation (not shown here) at Tirunelveli (with a maximum
DH�40 nT at around 1100 IST) reveals that a normal electrojet
condition was prevalent on this day, indicating the presence of an
eastward electric field. Thus, the vertical polarization electric field
is expected to be upward. The presence of gradient drift waves in
the scale size of 1–15 m in the positive gradient region of the
electron density profile confirms the existence of the upward
polarization field. Further, the amplitudes of these gradient drift
waves are found to reduce with the reduction in the gradients.
Surprisingly, the expected increase in the amplitude of the waves
around the 105–106 km altitude region corresponding to the
streaming plasma waves was found to be absent. In fact, after
100 km, until the apogee of the rocket trajectory, only non-
geophysical noise was found. Importantly, the absence of stream-
ing wave signatures on 16th January, 2010, at around 105–106 km
is in sharp contrast with the results obtained from the earlier
rocket measurements from Thumba, wherein the signatures of
streaming waves were always found at the said altitude region
during noon time. One such example (Gupta, 2000) based on the
rocket measurement using a similar probe under similar conditions
of season and solar epoch (1105 IST on 19th February, 1975) is
presented as Fig. 3(b). It is worth mentioning here that, similar to
2010, the period around the rocket campaign in 1975 was also
marked by very low solar activity when the sunspot numbers were
very small for a prolonged duration. In this figure, it can be seen
that in addition to the two peaks below 100 km in the amplitudes
of normalized fluctuations (which corresponds to gradient drift
waves), an additional peak at 104–105 km corresponding to

streaming plasma waves is present. The amplitude of these waves
at the 105 km altitude region in general increases with decreasing
scale sizes. One clear example of such characteristics is provided by
Prakash et al. (1972). Furthermore, the decrease in the percentage
of normalized fluctuations (from 1.4 at 97 km to 0.75 at 101 km)
and subsequent increase in the same (from 0.75 at 101 km to 1.25
at 105 km) despite the monotonic decrease in the electron density
gradient, shows that the gradient-drift mechanism is not probably
associated with the peak at 105 km.

Fig. 4 brings out a comparison of the typical spectra obtained
from the measurements by the HF backscatter radar at Thumba
on 3rd February, 1999, with that on 17th January, 2010.
The comparison of the spectra obtained on these two days is
done to highlight the fact that the HF backscatter radar, which is
capable of picking up the characteristic signature of streaming
waves, detected the presence of streaming waves on 3rd Febru-
ary, 1999, and not on 17th January, 2010. Fig. 4(a) depicts a
temporal sequence of Doppler spectra obtained on 3rd February,

Fig. 3. Altitude profiles of electron densities and percentage amplitudes of plasma

waves measured over Thumba (a) on 16th January, 2010, at 1220 IST and (b) on

19th February, 1975, at 1105 IST using Langmuir probes. Comparison of Fig. 2(a)

and (b) reveals two peaks below 100 km in the normalized fluctuations in the

electron densities that correspond to the presence of gradient drift waves on these

two occasions. However, the absence of the third peak in the amplitudes of

fluctuations at �105 km in Fig. 2(a) indicates the absence of the streaming waves

on 16th January, 2010.
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1999, at different altitudes with the beam orientation toward
west and a zenith angle of 301. This provides sample spectra
containing the signatures of streaming plasma waves at 104 and
107 km altitudes, as observed by the HF backscatter radar
operating at 18 MHz, which corresponds to the 8.3 m scale size
(half of the probing wavelength). Gradient drift waves have also
been observed all through the altitudes, particularly at lower
heights. It can be seen that the gradient drift waves are observed
to move westward (moving away from the viewing direction, as
indicated by the negative Doppler velocity) during the daytime,
indicating an eastward electrojet on this day. Fig. 4(b) depicts a
temporal sequence of Doppler spectra obtained at E-region
altitudes on 17th January, 2010, using the same HF backscatter
radar with the beam orientation towards west, but with a zenith
angle of 151. However, the spectra obtained on this day indicate
the presence of only the gradient drift waves and the absence of
streaming waves. A general verification is also made on the
occurrence of the spectral signatures corresponding to the
streaming waves during 2001–2005. Based on the sporadic
observations made during this period, it is noted that the
signatures of streaming plasma waves are seen around noon time
on all the observed days till 2001, intermittently during 2002 and
absent whenever the HF radar was operated during 2003–2005,

encompassing different months of the year. More than 30 days of
operation of this HF backscatter radar during 2010 revealed the
total absence of streaming waves.

5. Discussion

It has been shown (Yacob and Khanna, 1963; Rabiu and
Nagarajan, 2007) that the half-width where the current density
value falls to one-half of the value at the dip equator is �2.61
latitude over the Indian region. However, the streaming plasma
waves were not observed by the VHF radar (Krishna Murthy et al.,
1998) at Gadanki (13.51N, 79.21E, dip 12.51N), which is located at
a low latitude region and also by in situ measurements over SHAR
(dip: 111N) using rocket-borne Langmuir probes (Gupta, 1997).
The absence of these waves is essentially due to the fact that the
threshold values of the electric fields as required by Eq. (9) for the
generation of streaming plasma waves at these dip angles are not
satisfied when one moves away from the dip equator. This is
owing to the fact that the modification of the zonal component of
the electric field critically depends on the horizontal nature of the
geomagnetic field (see Eq. (9)) to generate the upward polariza-
tion field that drives the electrojet.
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Fig. 4. Doppler spectra at different altitudes around noon hours obtained using HF (18 MHz) backscatter radar over Thumba on 3rd February, 1999, (Fig. 4a) and 17th

January, 2010 (Fig. 4b). The former revealed the presence of streaming waves around 104 and 107 km altitudes. The absence of streaming waves is evident on 17th January,

2010. The vertical dotted lines correspond to 7500 and 0 m s�1.
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In the absence of systematic observations of zonal electric field
over Thumba, the global empirical model (Scherliess and Fejer,
1999) for the quiet time F-region equatorial vertical drifts
corresponding to the zonal electric field is used to estimate
electric field variations during the daytime. This empirical model
is based on combined incoherent scatter radar observations at
Jicamarca and ion drift meter observations on-board the Atmo-
spheric Explorer-E satellite. Further, the model drift amplitudes
are constrained using the curl-free condition of the electric field.
The model values corresponding to 601E longitudes are consid-
ered to represent the Indian longitudes. These model values
reveal that the daytime drifts (El/B) have maximum values
between 0900 and 1100 LT in the Indian sector. Further, daytime
drifts (El/B) are shown to be independent of solar activity, except
for a small increase during the June solstice in solar minimum
condition. Considering various seasons and epochs, this drift
value (El/B) attains a noontime maximum of �30 m s�1 between
0900 and 1100 LT and a value of �15 m s�1 at 1300 LT when the
streaming waves cease to exist over Indian longitudes. This
amounts to reduction of drift by �50% from the maximum value,
which will result in the absence of streaming waves after 1300 LT
in spite of the maximum value of R. In other words, if the
maximum value R falls from 32 to 16 (by 50%), then the
generation of streaming waves will cease to exist. Therefore, as
the value of R reduces to 16 when the dip angle is between 11 and
1.51, the streaming waves are expected to be absent. As the
existence of streaming waves was detected (Prakash et al., 1971)
by the rocket flight (28th January, 1971, at 1110 IST) when the dip
angle (I) was �11, their existence is expected until 1997,
considering a similar magnitude (þ11) of the dip angle, as can
be seen from Fig. 2(b). The observation provided in Fig. 4(a)
reveals the presence of streaming waves even in 1999. Thus, the
streaming waves continued to get generated even when the
magnetic dip angle was greater than 11. In spite of the sporadic
nature of measurements, the radar observations during 2001–
2005, reveal a systematic transition from the occurrence to the
non-occurrence in the signatures of streaming waves over
Thumba. It appears that when the value of the dip angle reaches
Z1.51 over the Indian zone, the electron drift velocity is reduced
to such an extent that the generation of streaming waves would
not take place. The 2010 rocket measurement (see Fig. 3a) was
conducted during a period when the magnetic dip angle was 421
(see Fig. 2b). Thus the absence of the streaming plasma waves at
all scale lengths during this rocket flight is consistent with the
estimated criterion of the dip angle Z1.51, as described above.

An attempt was made to obtain the signature, if any, of the
movement of the dip equator with the mean peak value of the
strength of the EEJ during the daytime, derived using ground-
based magnetometer data from a dip equatorial station (Thumba
or Tirunelveli) and a low latitude station (Alibag). The variation of
the mean peak value of the EEJ strength (not shown here) reveals
dominant periodicity of �11 years that is believed to be asso-
ciated with the changes in the plasma density during the solar
cycle. It is known that the daytime plasma drifts are almost
independent of solar activity (Scherliess and Fejer, 1999).
Therefore, the signature, if any, of the movement of the dip
equator on the EEJ strength will be extremely small and will be
difficult to delineate. More importantly, ground-based magnet-
ometers will register changes in the overhead current flowing
within 711 latitude, and hence the small changes in the iono-
spheric current and electric field as a consequence of the move-
ment of the dip equator, as in the present case, may get integrated
out in the magnetic measurements of DH. Thus, it is rather
difficult to decipher the impact of the movement of the magnetic
dip equator (which is o11 latitude) using ground-based mea-
surements of DH.

The thin shell model overestimates the decrease of the factor R

with the increase of the dip angle. The limitations of the thin shell
model and subsequent development of models allowing vertical
current with various other assumptions are amply discussed by
Forbes (1981). One such model (Richmond, 1973a, 1973b) over-
estimates the current over the dip equator even with smaller El.
The other model which is applicable over the Indian zone
(Anandarao, 1977; Anandarao and Raghavarao, 1987) reveals that
the factor R does not reduce rapidly as predicted by the thin shell
model. However, the latitudinal resolution (0.51 latitude resolu-
tion that corresponds to 1.251 dip angle over the Indian region) of
the calculations performed so far with this model (Anandarao,
1977) does not permit investigations on the sensitivity of the
generation of plasma waves with respect to the dip angle. A high
spatial resolution model calculation is needed to investigate this
sensitivity. The high resolution calculations based on the
improved models on the vertical electric field at off-dip equatorial
locations are beyond the scope of this communication.

Finally, it is to be noted that the inference drawn in the present
investigation pertains to daytime and geo-magnetically quiet
conditions. However, in the presence of penetration electric fields
and during twilight/post-sunset hours, signatures of the stream-
ing plasma waves may still be obtained. These are, of course,
special circumstances wherein changes in the electric field
are significant (e.g. Simi et al., 2012). The present investigation
precludes these possibilities.

6. Summary

Systematic magnetic observations over Thumba and a nearby
station revealed a movement of the dip equator towards south of
Thumba, which correspond to a change in the dip angle of more
than 21 in recent times. The calculation based on the thin shell
model suggests that the streaming waves are unlikely to exist
over Thumba when the magnetic dip angle is Z1.51. As expected
from the magnetic observation and the thin shell estimates, there
has not been a single instance of detection of streaming waves
during the daytime over Thumba since 2003, either with radar or
with rocket measurements, as illustrated by Figs. 3 and 4.
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Preface

A number of papers were presented in the Sympo-

sium on Atmospheric Electrodynamics and Climate

Change held during the COSPAR Assembly in Paris

on July 2004. The phenomenon of global thunder-

storm activity was discussed by several authors. In

this context many new findings were presented. The
maximum thunderstorm activity is mainly confined

along the magnetic equator (in contrast to the geo-

graphic equator as believed earlier), with a latitudinal

extent of 15� on both the sides of the magnetic equa-

tor. On the globe there are mainly three centres of

thunderstorm activity, namely over South America,

Central Africa and Asia/Australia. E. Williams sug-

gested that thunderstorm activity is maximum over
the wetter Amazon region (Brazil) compared to the

drier Congo region (Africa). This can explain the ob-

served vertical electric field variation at the surface of

earth with Universal Time. Based on the results from

the American Zone, M.D. Kartalev and co-workers

have shown that thunderstorms at the magnetic equa-

tor can affect the electric field at E-region heights.

P. Velinov and P. Tonev presented a theoretical model
for thunderstorm generated electric-fields in the iono-

sphere and particularly the effect on the east-west elec-

tric field. D. Rowland and co-workers presented

rocket borne results of the effect of thunderstorms

on the generation of parallel electric-fields (along mag-

netic field lines) in the ionosphere over high latitudes.

(This paper was presented by C. Steigies of Germany

who has worked earlier in NASA.).

L. Makarova discussed the effect of the solar wind on

the conductivity of the stratosphere. Thermal structure

in the stratosphere over high latitude regions can be

modified by solar wind penetration and can cause cli-

mate variation. Temporal and spatial fluctuations in

stratospheric conductivity over the South Pole were dis-
cussed by E.A. Bering. The solar activity dependence on

stratospheric electrical conductivity was presented by

S.P. Gupta based on the balloon borne experiments

using three different types of techniques covering a per-

iod of high and low solar activity over low latitude

regions.

The effect of cosmic rays on the ionisation production

process was discussed by R.G. Harrison and K.L. Aplin.
New results on �sprites� from the International Space

Station were presented by E. Blanc and M.J. Rycroft

discussed results obtained from the ‘‘Sprite 2003’’

ground-based campaign in Southern Europe.

I am thankful to Prof. M.J. Rycroft for organising

this symposium. The chairmen for the two sessions

were Prof. Rycroft and Dr. S.P. Gupta. I sincerely

appreciate the work of the referees for these papers,
namely Prof. M.J. Rycroft, M. Parrot, K.I. Oyama,

V. Pasko, R. Holzworth, H. Chandra and S.P. Gupta.

Guest Editor

S.P. Gupta
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Ahmedabad 380 009

India
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Abstract

Stratospheric electrical conductivity measurements have been made from high altitude research balloons at various locations

around the world for more than 40 years. In the stratosphere, conductivity changes may indicate changes in aerosol or water vapor

content. In this paper, we will compare the short term variation amplitude in data taken at several latitudes from equatorial to polar

cap. Short term variations that occur on time scales of weeks to months (105–107 s) can be attributed to Forbush decreases, geo-

magnetic storms, aerosol injections by volcanos and forest fires, etc. Variations with time scales of minutes to days (103–105 s)

can have amplitudes of a factor of �2 or more at high magnetic latitude. The variance at equatorial latitude is much smaller.

The sources of these fluctuations and the latitude gradient remain unknown. Variations of all origins completely obscure any

long-term climatic trend in the data taken in the previous four decades at both mid and high latitude.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Balloon; Stratosphere; Conductivity; Spatial structure; Time variations; Solar cycle variations; Latitude gradient of variance

1. Introduction

Balloon-borne measurements in the past have consis-

tently shown that the atmospheric electrical conductivity

generally increases exponentially with altitude through

the troposphere and stratosphere. However, there are

considerable uncertainties in the nature of the conduc-

tivity because of spatial and temporal variations that

are not well understood. In this paper we report mea-
surements of the stratospheric conductivity by more

than 40 high-altitude balloons, launched from eight

locations widely separated in latitude over a period of
nearly 40 years. The measurements provide the opportu-

nity to investigate long-term variations in conductivity

profiles on local and global scales. This paper will focus

on evidence for a geographically organized latitude gra-

dient in the natural variance of the conductivity mea-

surements. This research was motivated by the lack of

global measurements of the atmospheric conductivity

and its variations, which are crucial to our understand-
ing of the global electrical environment (Hays and Ro-

ble, 1979; Roble and Tzur, 1986).

The atmospheric conductivity is proportional to the

product of the ion concentration and the ion mobility.

Variations in conductivity may be caused by a variety

of factors that alter either of these two basic quantities.
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These factors include latitudinal and temporal varia-

tions in the ionizing cosmic ray flux, global or local vari-

ations in the ion mobility due to ion attachment to

aerosols (Gringel et al., 1986), and changes in the ion

mobility and ion recombination rate as functions of

temperature (Israel, 1973). In previous publications (By-
rne et al., 1988, 1991; Bering et al., 2003), we investi-

gated these and other effects extensively with regard to

their effects on our conductivity data from the earlier

flights (prior to 1987). In our most recent survey paper,

it was suggested that there may be a latitude gradient in

the natural variance of stratospheric conductivity (Ber-

ing et al., 2003). The major objectives of this paper are

to investigate this suggestion in quantitative detail, to
expand the temporal range of our prior survey, and to

present the data as a function of geomagnetic rather

than geographic latitude.

The balloon flights were conducted during many sep-

arate balloon campaigns, some by our groups and oth-

ers taken from the literature: 1973, 1976, and 1999 at

Palestine, Texas; 1975 at Roberval, Quebec; 1980–1981

at Siple Station, Antarctica, 1985–1986 at South Pole,
1990–2003 from Syowa Station, Antarctica, 1999 at Ot-

tumwa, Iowa, 1983–84 and 1992–93 from Christchurch,

New Zealand, six flights from 1986 to 1994 from Hyder-

abad, India, and several flights from 1978, 1979, and

1983 from Laramie, Wyoming (Paltridge, 1965; Ben-

brook et al., 1974; Morita and Ishikawa, 1976; Widdell

et al., 1976; Rosen et al., 1978, 1982, 1985; Bering et al.,

1980, 1987, 2003, 2005; Holzworth, 1981, 1991; Rosen
and Hofmann, 1981; Holzworth et al., 1984, 1986,

1992, 2005; Gupta and Narayan, 1987; Norville and

Holzworth, 1987; Byrne et al., 1990, 1991; Udare

et al., 1991; Holzworth and Hu, 1992; Holzworth and

Norville, 1992; Gupta et al., 1992; Ejiri et al., 1995; Ebi-

hara et al., 1996; Chakravarty et al., 1997; Gupta, 2000,

2004). The locations of the launch sites, dates and times

of the balloon flights are summarized in Table 1.

2. Instrumentation

On most of the flights the conductivity measurements

were obtained by the relaxation time method (Mozer

and Serlin, 1969, Benbrook et al., 1974, Bering et al.,

1980, Holzworth, 1981, Rosen et al., 1982, Holzworth
et al., 1986, Norville and Holzworth, 1987). Various

types of probes were used on the flights. Both flat plates

30 cm square and spherical probes of various diameters

(15–30 cm) were used in various University of Houston

(UH) and University of Washington (UW) campaigns.

The UH and UW probes were coated with a colloidal

suspension of carbon (Aquadag) to increase the surface

work function, thereby suppressing the emission of pho-
toelectrons which contaminate the positive ion conduc-

tivity measurements. The payload ground consisted of

four similarly coated aluminum plates, typically

30 cm · 60 cm, mounted on the payload body. The

probes were configured on the payload to enable the

measurement of the electrical potential difference in

the atmosphere between two points on three orthogonal

axes. For this purpose each of five (Siple, Roberval) or
six (Palestine, Iowa, southern ocean) probes was

mounted on 2-m-long phenolic insulating booms, two

Table 1

Summary of the balloon flights

Campaign Location Month Year(s) Latitude Number

Melbourne Australia February 1964 38�S 4

Perdasdefogu Sardinia May 1968 39�N 1

Palestine Texas July 1973 32�N 1

Sanriku Japan October 1973 39�N 1

El Aremosillo Spain June 1975 37�N 1

Roberval Quebec July 1975 48�N 3

Laramie Wyoming July 1975 41�N 1

Palestine Texas September 1976 32�N 1

Laramie Wyoming May–Aug. 1978 41�N 4

Laramie Wyoming May 1979 41�N 1

Laramie Wyoming March 1983 41�N 2

Siple Station Antarctica Dec.–Jan. 1980–81 80�S 5

EMA S. Ocean Dec–Jan. 1985–86 <45�S 8

South Pole Antarctica Dec.–Jan. 1985–86 90�S 8

Hyderabad India Dec., Jan., 1986, 87, 17�N 6

Apr., Oct. 1989, 94

PPB Antarctica Dec.–Jan. 1990, 92 78�S 3

Antarctica Jan.–Feb. 2003 78�S 2

ELBBO S. Ocean Nov.–Feb. 1992–93 <45�S 5

Sprites 99

Palestine Texas July 1999 32�N 1

Ottumwa Iowa August 1999 41�N 1
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probe pairs horizontally and one probe-pair (probe) ver-

tically (downward). All of the flat plate probes lay in a

vertical plane. The payloads were rotated about the ver-

tical axis at a period of typically 20 s in order to permit

removal of DC offsets from the horizontal probe data.

This type of double-probe system has been used fre-
quently during the past 40 or so years to measure strato-

spheric electric fields (Paltridge, 1964, 1965; Mozer and

Serlin, 1969; Benbrook et al., 1974; Holzworth and Mo-

zer, 1979; Bering et al., 1980, 1987; Holzworth, 1981;

Holzworth et al., 1984, 1986). The electric field was pas-

sively measured, so that the conductivity in the vicinity

of the probes was not disturbed.

In the relaxation time technique, one or more probes
are driven to a potential different from the ‘‘ground’’ po-

tential of the payload for a short period of time and then

released and allowed to lose their excess charge by con-

duction through the atmospheric medium. In order for

the technique to work, the voltmeter that senses the po-

tential difference between the driven probe and the pay-

load ground must draw significantly less current than

the current that flows from the probe to the medium.
This is achieved by using MOSFET preamplifiers with

input impedances >1013 X. The resistance to infinity

from the probe through the medium is of order 1011 X
at float altitude, but it increases roughly exponentially

with decreasing altitude, with an e-folding distance of

order 7–10 km. Thus this technique is useful only for

altitudes above 10 km. An extensive discussion of the ex-

pected response of the probes and the methods used to
obtain the conductivity data can be found in Byrne

et al. (1988, 1990, 1991).

3. Observations

The conductivity measurements during the ascent or

descent of a few of the balloon flights are presented as
a function of altitude in Figs. 1–3. Each conductivity

measurement was individually plotted and examined to

see how well the fitted exponential matches the data.

Those measurements that did not fit well were omitted

from the data base, as discussed below and in detail

by Byrne et al. (1988, 1991).

All measurements in this paper were obtained in fair-

weather conditions, i.e., there were no direct effects of
thunderstorms on the local electrical conditions of the

atmosphere. Bering et al. (1980) have reported strato-

spheric conductivity measurements obtained in the

vicinity of a thunderstorm during the 1975 balloon cam-

paign. In Fig. 1, the measured conductivity profiles are

compared with two model profiles. One model was de-

rived by Cole and Pierce (1965) from microphysical con-

siderations. The other, by Hays and Roble (1979), is an
empirical model which includes a correction for latitudi-

nal variations of cosmic ray ionization. Both model pro-

files are of the functional form r(z) = r�exp(z/h), where
r� is a reference conductivity, z is the altitude above

mean sea level, and h is the conductivity scale height.

Fig. 1. Total conductivity versus altitude measured by two balloon

flights during the 1975 Roberval, Quebec, campaign. The solid and

open circles represent data points obtained during ascent and descent,

respectively, on July 22. For comparison, the Cole and Pierce (1965)

model profile and the 10 July 1973 Palestine data are also shown.

(Byrne et al., 1988, �1988 AGU, Fig. 1 reproduced with permission.)

Fig. 2. Negative polar conductivity versus altitude measured at night

during a flight in 1999 from Ottumwa, Iowa. The cluster of points

above 30 km is the float data accumulated throughout the flight.
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In the Cole and Pierce model these parameters have the

values

r� ¼ 1� 10�13; h ¼ 4.1; 3.6 < z < 17.7;

r� ¼ 6� 10�13; h ¼ 7; 17.7 < z < 40;
ð1Þ

where the units for r� are X�1 m�1, and the units for h
and z are km. In the Hays and Roble model

r� ¼ 1.14� 10�14; h ¼ 3.5; 0 < z < 8;

r� ¼ 1.14� 10�13; h ¼ 6; 8 < z < 60.
ð2Þ

The variation with latitude in the Hays and Roble

model enters as a multiplying factor to (2). For Pales-

tine, Roberval, and Siple Station latitudes, these fac-

tors are 1.2, 1.34, and 1.4, respectively, during solar
quiet conditions.

For simplicity the model assumes coincident geo-

graphic and geomagnetic latitudes. The model profiles

are included here as references for comparison with

our data; however, neither model supposes to be a com-

plete representation of the actual conductivity. For

example, the Cole and Pierce model does not consider
latitudinal variations, while the Hays and Roble model

is oversimplified for mathematical expediency in their

global model of atmospheric electricity (R.G. Roble,

personal communication, 1987). A more complete repre-

sentation of the atmospheric conductivity is lacking at

this time.

Fig. 1 presents the total conductivity profiles mea-

sured during two flights of the July 1975 Roberval bal-
loon campaign, as well as the 10 July 1973 Palestine

flight for comparison. The July 5 flight attained a

Fig. 3. Negative polar conductivity versus altitude measured by PPB 8 (top panel) and PPB 10 (bottom panel). Least-squares fits of exponential

profiles are shown as solid lines with legends giving the fit coefficients.
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maximum altitude of 32 km. This conductivity profile

agrees well with the Hays and Roble model up to

17 km and between 22 and 24 km. Above 24 km the con-

ductivity remained below the Hays and Roble profile.

The July 22 flight attained a maximum altitude of

27 km before slowly descending as a result of a helium
leak. Both the ascent and descent data of this flight

are shown and are in good agreement. The conductivity

profile measured in this flight is in good agreement with

the Hays and Roble model for this latitude and is sub-

stantially different from the July 5 profile. Most notable

is the lack of significant departures from an exponential

increase in conductivity with altitude. The measured

conductivities from both flights are below the Cole
and Pierce model values by more than a factor of 2

(see 4 below) and are above the lower latitude Palestine

data, as expected. Note that the scale height was �7 km

in both models and the data.

Space does not permit us to show the ascent profiles

from all of the flights that we have included in this study.

The data from a recent flights are shown in Fig. 2 (Ot-

tumwa, Iowa). Two improvements in the precision of
conductivity determination were incorporated in these

results. The PCM telemetry system used on these flights

was a 16 bit 1 kHz system, which provided a two order

of magnitude increase in the resolution of the time con-

stant measurements. Second, precise, high resolution

altimetry was provided by GPS tracking, which is very

much more accurate than barometric altimetry at these

altitudes. In addition to the ascent profiles, the float
interval data have also been included in the figures. This

figures shows, first, that the conductivity over central

North America has not changed significantly in nearly

30 years. Second, the fluctuations in the conductivity

that occurred at a fixed altitude during the night were

nearly a factor of 2. Owing to the technical refinements

just mentioned, these fluctuations must be the result of

actual ambient variations, rather than random measure-
ment errors. This point will be explored further below.

Note that the scale height observed by this payload

was very similar to the scale heights observed elsewhere

over North America in prior campaigns.

We have observed over the years that our probe volt-

ages are at times noisy and rapidly time varying during

the high-velocity ascent stage of a balloon flight. There

are probably very good reasons for this, such as passage
through wind-shears, aerosol layers, swinging of the

payload, etc. It has been the case that much of the elec-

tric field data during the ascent portion of a given flight

is simply too noisy to be useful, and few or none of the

conductivity cycles (relaxation of the probe potential)

could be adequately fitted to an exponential. The latter

is because one has to be a bit lucky to have the infre-

quent conductivity measurement cycle occur during a
period of reasonable stability (a time which is long com-

pared to the relaxation time of a few seconds) of the

electric field in order to get a reliable conductivity data

point at low altitudes during ascent. This situation is

one that varies from flight to flight. On the other hand,

during times of float or slow descents, these types of

noise signals (rapid, large excursions in potential) are

not introduced, so that the electric field signal is stable
and time constants can be determined unambiguously.

We have taken the position that a conductivity data

point is presented only if the exponential relaxation of

the probe potential during a measurement cycle meets

stringent goodness-of-fit criteria. Each of the conductiv-

ity measurement cycles during ascent or descent have

been visually examined to see how well the fitted expo-

nential of the probe potential during relaxation matches
the data and how the basic data look. Those cycles that

are too variable are simply omitted from the data base.

This failure to fit occurred mostly during ascent. The

number of missing points can be assessed by noting

the gaps in otherwise regular data point in previously

published individual ascent profiles (Byrne et al., 1988,

1991; Bering et al., 2003). At float and during slow alti-

tude variations, the number of points omitted was typi-
cally a few percent of the total number of observations.

During the 2nd-PPB campaign (Bering et al., 2005;

Holzworth et al., 2005), the PPB 8 and 10 flights

remained aloft after the ballast supply was exhausted

for 14 and 8 days, respectively. The resulting diurnal

cycling in altitude afforded multiple slow rate scans over

the 10–32 km altitude range. The vertical profiles of

r� measured during these intervals of diurnal cycling
are shown are shown in Fig. 3. On average, r� increased

exponentially with increasing altitude, and over the

range from 10 to 32 km can be expressed by

r� ¼ r0 expðz=hÞ; ð3Þ
where r0 = 1.9 · 10�13 X�1 m�1, z is the altitude in km,

and the scale height h = 10.3 km. Note that this scale
height is in agreement with the scale height observed

above South Pole in 1985–86 (Byrne et al., 1991), and

in disagreement with the scale height observed above

Siple Station in 1981 (Byrne et al., 1988).

In order to compare data from different times and

places, the data must be normalized to a chosen altitude.

Since the two largest data sets used in this study, EMA

and ELBBO, were super-pressure balloons that floated
at an altitude of 26 km, this height has been selected

as the common reference height. This choice has the

added advantage that the positive conductivity data

are only slightly affected by photo-emission effects

(Byrne et al., 1990). In order to display the entire data

base in as comprehensible a way as possible, data from

all of the flights in Table 1 have been plotted as a func-

tion of time (Fig. 4) and as functions of both time and
geomagnetic latitude using a projected trimetric plot

(Fig. 5). In both of these figures, a single point has been

plotted for each zero-pressure balloon flight. Since the
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super-pressure flights covered a period of months, every
data point from these flights was plotted using smaller

symbols in Fig. 4. The smoothed sunspot number is

plotted in the lower panel Fig. 4 in order illustrate pos-

sible solar cycle effects on the data (see below).

In Section 1, it was noted that a previous study had

uncovered evidence for a latitude gradient in the natu-

rally occurring fluctuations that are observed in the con-

ductivity of the stratosphere (Bering et al., 2003). In
order to investigate this question further, three flights

were selected for detailed comparison: IMAP C-7,

launched from Hyderabad on 17 October, 1989; Sprite

Flight 3 launched from Ottumwa, Iowa on 21 August

1999; and PPB 8 launched from Syowa Station on 13

January, 2003. Since each of these flights flew at or near

32 km altitude, all data from these flights were normal-

ized to exactly 32 km using the scale height appropriate
to each flight. IMAP C-7 was altitude-controlled to stay

within 50 of 32 km, so no normalization was required
for those data. The first two of these flights were both

less than 24 h in duration, whereas the PPB flight pro-

duced 26 days of data. A comparison of the IMAP,

Sprites balloon and one day of PPB data plotted as

functions of universal time is shown in Fig. 6. It is evi-

dent in this Figure that the low latitude conductivity is

both smaller and less variable the higher latitude data.

Recall that the Sprites flight had a 1 kHz data sampling
rate, which implies a very small error in estimating the

exponential decay time constant.

The spatial averages and corresponding standard

deviations of the data shown in Figs. 6 and 7 along

with the other 25 days of data from PPB # 8 have been

computed using 5� latitude bins, using both geographic

and geomagnetic latitude. The resulting means and

normalized variances were plotted as functions of both
signed and absolute value of both types of latitude.

Fig. 4. Top panel shows conductivity at 26 km altitude is plotted vs. time from all flights considered in this study. Negative polar conductivity is

plotted for all flights except the Laramie, Wyoming results (41�N, 1978–1983). All float altitude points from EMA and ELBBO have been plotted,

using smaller dots. Bottom panel shows the smoothed monthly sunspot number for the same time interval. The format of the time axis tick mark

labels is ‘‘year DOY’’, where DOY means day of year.
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Fig. 8 shows the means and standard deviations plot-

ted as functions of geomagnetic latitude. The figure

indicates that the conductivity increased with increas-

ing geomagnetic latitude. It also confirms what Fig. 5

shows that conductivity tends to be larger in the north-

ern hemisphere than the southern. The plots of the 5�
means versus absolute value of geomagnetic latitude

and both signed and absolute geographic latitude are

Fig. 5. Conductivity at 26 km altitude is plotted as a function of geomagnetic latitude and time using a projected trimetric view from all flights

considered in this study. Negative polar conductivity is plotted for all flights except the Laramie, Wyoming results (41�N, 1978–1983).

Fig. 6. Negative polar conductivity at 32 km altitude is plotted as a function of Universal Time. From bottom to top, the panels show the data

measured by IMAP C-7 near Hyderabad, India, Sprite Flight 3 near Ottumwa, Iowa, and PPB 8 off the coast of Antarctica.
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not as well organized and not shown. The error bars
plotted correspond to the standard deviation or natural

variance of the data. These error bars are comparable

in magnitude to the latitude variations. However, the

observed curve is smooth and well ordered. The reason

is that the errors in the mean are much smaller than

the plotted error bars. Since the means are computed

from hundreds of data points, the errors in the mean

are at least an order of magnitude smaller than the
standard deviations.

The normalized variance is shown as a function of the

absolute value of geomagnetic latitude in Fig. 9. It

should be noted that the estimated normalized experi-

mental error of the individual data points is �3%. The

figure shows that the variance is well organized by geo-

graphic latitude, and there is no detectable hemispheric

difference. The normalized variance was �5–10 times the
estimated experimental error.

4. Discussion

4.1. Early Palestine, Roberval and Siple flights

In our earlier papers that focused on flights prior to

1985, electrical conductivity profiles in the stratosphere

were obtained from nine high-altitude balloons launched

from three locations, widely separated in latitude (Byrne

et al., 1988, 1991; Bering et al., 2003). Variations in the
conductivity profiles were examined on local and global

scales. The major conclusions of this prior work that are

germane to the present paper are as follows:

1. The average profile at high latitude (76�S) was found
by Byrne et al. (1988) to be in good agreement with

the Hays and Roble (1979) model profile. The dis-

agreement between their model and the measured
profiles increases with decreasing latitude. The Cole

Fig. 7. Negative polar conductivity at 32 km altitude from the three flights shown in Fig. 6, plotted as functions of the absolute value of geomagnetic

latitude (top panel), and geomagnetic latitude (bottom panel). All 26 days of data from flight PPB # 8 are shown.
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and Pierce (1965) model appears to significantly over-

estimate the conductivity for all latitudes. We specu-

late that the reason for this overestimate is probably

an incomplete or inaccurate consideration of the role

of aerosols and molecular ion clusters in the micro-

physics of the model.

2. The conductivity profiles at each latitude in Byrne

et al. (1988) exhibited a significant day-to-day scatter.
The measurements over Palestine and Roberval were

made during quiet solar and geomagnetic conditions.

Therefore the major differences in these profiles do not

appear to be explained by this type of activity. The

measurements over Siple Station were made during

periods of variable geomagnetic conditions, which

may partly account for the observed scatter in the con-

ductivity profiles. However, the scatter cannot be

explained simply on the basis of changes in the ioniz-

ing cosmic ray flux, which did not vary significantly

from flight to flight. The day-to-day variations in con-

ductivity were apparently dominated by local effects.

3. The effect of cosmic ray ionization on the latitudinal

variation of the conductivity was examined by Byrne
et al. (1988). The observed latitudinal variation in

conductivity is not explained by a latitudinal distribu-

tion of cosmic ray ionization alone.

4. The effects of aerosols and temperature on the lati-

tudinal variation of the conductivity were examined

by Byrne et al. (1988). A background distribution of

Fig. 9. Normalized variance in 5� bins of the data shown in Fig. 7 plotted as a function of the absolute value of geographic latitude.

Fig. 8. Mean of 5� bins of the data shown in Fig. 7 plotted as a function of magnetic latitude. Error bars indicate the standard deviation of the data

in each bin.
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aerosol concentrations as a function of altitude and

latitude was estimated and parameterized. By

including the effects of aerosols, the agreement

between the observed and calculated variation

of the conductivity with latitude was improved

although, the effect is too small to account for the
observed variation. At high latitudes the conductiv-

ity may be maintained by a balance of ion recombi-

nation and cosmic ray ionization, while ion-aerosol

attachment is insignificant. The role of aerosols

becomes more important with decreasing latitude.

The large variation in stratospheric temperatures

with latitude was found to be a more important fac-

tor than the background aerosols. Overall, the addi-
tion of both aerosol and temperature effects results

in a significant improvement in the agreement

between the calculated and observed variation in

conductivity. The implication of this work is that

although the conductivity is quite variable due to

many meteorological factors (Roble and Tzur,

1986), global models of conductivity may be

improved by including the effects of a latitudinal dis-
tribution of aerosols and temperature.

4.2. Later flights

Most of the recent discussion of the results used in

this paper have focused on issues such as the effect of

thunderstorms on stratospheric conductivity, which
are not germane to the results of this study. One inter-

esting result is that geomagnetic latitude is the domi-

nant organizer of the ELBBO data (Holzworth et al.,

1992; Holzworth and Hu, 1992; Hu, 1994). The basic

source of stratospheric conductivity is ionization owing

to cosmic ray bombardment (Datta et al., 1984, 1987).

As one moves to lower latitudes, the geometry of the

Earth�s magnetic field is such that there is a minimum
momentum, termed cutoff rigidity, required for cosmic

rays to reach the atmosphere. Thus the ionization rate

and, therefore, the conductivity are expected to decline

with latitude. In addition, solar cycle variations of the

fluctuation amplitude of the interplanetary magnetic

field act to modulate only the lower momentum por-

tion of the cosmic ray spectrum. Thus solar cycle mod-

ulation of stratospheric conductivity owing to
ionization rate variations is only expected poleward

of 50� geomagnetic latitude (Datta et al., 1984, 1987).

Ionization rate variations associated with cosmic ray

cut-off rigidity variations appear to be sufficient to ac-

count for the latitude variations encountered by ELB-

BO, without the necessity of considering latitude

gradients of temperature and aerosol content. The lat-

itude variation of the 2003 PPB data also appears to be
consistent with cosmic ray ionization rate variations

(Bering et al., 2005).

The variance in the data is difficult to account for.

For all of the flights, the variance is larger than the for-

mal errors in the least squares fit parameters by a factor

of at least 5. It is possible that the small size of the for-

mal errors reflects inaccurate assessment of the uncer-

tainty in the individual data points. Two uncertainties
must be accounted for, the uncertainty in the relative

timing of the data sampling, and the measurement

uncertainty of the probe voltage. Since the former is

established by crystal controlled on-board clocks, this

uncertainty is negligible. The noise level of the probe

pre-amplifiers and telemetry analog to digital conversion

system can be measured on the ground. These system

noise measurements are, in fact, the basis for the probe
voltage error estimates used in the least squares fit. In

practice, this approach may be optimistic, because it

does not include the effect of ambient high frequency

noise of natural geoelectric origin on the data. The fact

that the variance is better organized by geographic

rather than geomagnetic latitude suggests that ULF

fluctuations are not the issue. The relatively low 1 Hz

sampling rate of the PPB data may also have contrib-
uted to larger uncertainties in this data set than in the

high data rate Sprite data. However, the results shown

in Fig. 9 indicate that the variance in the PPB data var-

ies with latitude. This would not be expected if the var-

iance were the result of the data rate. The projected PPB

latitude variation more or less intersects the Sprite flight

data point, indicating that low sampling rate is not con-

tributing significantly to this result. Thus, it does not ap-
pear that the spatially structured variance that we

observe was the result of experimental uncertainty.

There is no good model that accounts for the day to

day fluctuations found in the various campaigns, and in

the high precision data of the 1999 flights. Any discus-

sion of site to site and apparent long-term variations

must be tempered with an awareness of how large the

natural short term fluctuations are at a given site. One
aspect of these fluctuations that has emerged from this

study is the fact that the natural fluctuation amplitude

is latitude dependent. The day-to-day and hour-to-hour

variations observed at Hyderabad have an amplitude of

about 15%, which is much smaller than the variance ob-

served at Palestine, for example. This latitude gradient

of variance is a new observation for which there is, as

yet, no proposed model. The fact that the variance is
best organized by the absolute value of geographic lati-

tude suggests that its source lies in the properties of the

high latitude atmosphere, and not in magnetospheric in-

puts. Since the basic composition of the stratosphere is

not fluctuating, the only parameter that can be changing

is the ion mobility. The presence of substantial spatial or

temporal structure in ion mobility in turn implies spatial

or temporal structure in the fraction of light ions vs.
molecular cluster ions. This speculation remains a topic

for future research.
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4.3. Solar cycle variations

The error bars on the Hyderabad data are estimated

to be about 3% of the mean. This level of precision

permits an investigation of solar cycle and climatic ef-

fects on the data that the noisier higher latitude data
do not support (Gupta, 2000). The data indicate that

there is a 25% modulation of the stratospheric conduc-

tivity during a solar cycle that is positively correlated

and in phase with sunspot number, which can be seen

by comparing the sunspot number curve in Fig. 4 with

the Hyderabad data in the same figure and in Fig. 5.

At 32� latitude, the data suggest a similar behavior at

the two standard deviation significance level. At higher
latitude, 42� and above, the natural short term variance

obscures the solar cycle signal, if any is there. How-

ever, it is worth noting the largest conductivities ob-

served, at Roberval in 1975, were observed at high

latitude near solar minimum (Fig. 4), in agreement

with expectation.

Datta et al. (1987) have modeled the latitude varia-

tion of the ion production rate in the stratosphere owing
to cosmic rays. These results clearly showed that the so-

lar cycle variation due to cosmic ray intensity is negligi-

ble at the latitude of Hyderabad. It is, of course,

important at high latitude. Our results show that con-

ductivity has positive correlation with solar cycle at

low latitude. This correlation can be attributed to a

change in ion composition with solar cycle. The solar

UV radiation in the 200–300 nm band can increase by
5% from low to high solar activity. This increase can

be sufficient to dissociate higher mass ion clusters to

lighter ion mass. Hence it can result in increase in con-

ductivity. This conclusion has been explained in an ear-

lier publication (Gupta, 2000).

5. Conclusions

Review of the data presented lead us to realize that

very little can be concluded at this time. Unexplained

day to day and minute to minute variations dominate

the data at high latitude. The data suggest that conduc-

tivity is declining in time and that the conductivity is

lower in the S. Hemisphere. One might try to explain

the former effect as the result of increasing aerosol or
water vapor content of anthropogenic origin. However,

such an explanation would also predict that the conduc-

tivity should be higher rather than lower in the Southern

hemisphere. Thus, in terms of possible mechanisms,

these suggestions are inconsistent.

An important new observation reported here is the

latitude gradient of the variance of the conductivity.

There is no proposed model for this phenomenon. The
fact that the change of the variance depends on the

absolute value of geographic latitude suggests that its

source lies in the properties of the high latitude atmo-

sphere, and not in magnetospheric inputs.
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Abstract

The MST radar facility located at the low latitude Indian station Gadanki (13:5◦N; 79:2◦E) has been used to study the
high-resolution spatial structure of the mesospheric return echo power and relate these to the dynamics and electron density
irregularities of the region. Special observations carried out using narrow pulse lengths indicate presence of scattering layers
down to ∼600 m embedded in the broad turbulence :eld of about 4–5 km thickness around 75 km height region of the
mesosphere. Possible cause of generation of such thin layer structure is examined. The percentage amplitudes of the 3 m
electron density irregularity pro:le are reconstructed for 200 m height resolution from the past rocket borne results over SHAR
(13:7◦N; 80:2◦E) close to the radar site. At least two rocket results showed that apart from considerable increase in percentage
amplitudes of the 3 m size irregularities in the mesospheric height region of 70–80 km, there is evidence of presence of
thinner layers of these irregularities similar to that observed in the radar backscatter intensity. Implications of these results are
analysed and directions for further research suggested.
c© 2004 Elsevier Ltd. All rights reserved.

Keywords: Mesospheric turbulence; Mesospheric dynamics; Mesospheric scattering; Ionisation irregularities; MST radar; Rocket probes

1. Introduction

The Earth’s mesosphere (∼50–85 km) forms the tran-
sition region between the meteorological domain of the
lower atmosphere and the regime of space plasma, dom-
inated by electrodynamics. In this region, the ionisation
produced primarily by cosmic rays, auroral electron ?ux,
solar UV (Lyman-�) and X-rays (E¡ 10 keV) gets mixed
with the complex neutral dynamics of winds, waves and
turbulence mainly due to high neutral electron collision
frequencies. Since mesospheric region is diDcult to study
by satellite-borne techniques, ground-based radar, lidar and
rocket-borne experiments have been extensively used for
bridging this gap.

∗ Corresponding author. Fax: +91-80-3419190.
E-mail addresses: scc@isro.org,

subhaschandra 2k@yahoo.co.uk (S.C. Chakravarty).

Mesosphere stratosphere and troposphere (MST) radar
technique has been used at a number of high, middle and
low latitude stations of the world to study the dynamics of
the middle atmosphere (∼10–100 km). The unique features
of the radar with its high-poweraperture product (∼108–
109 Wm2), variable pulse width and coding, coherent de-
tection and integration are well suited to probe mesospheric
region of the atmosphere at high spatial and temporal resolu-
tions. Interestingly, these observations are potentially useful
to investigate the characteristic variations in turbulent layers
of ionisation and associated wave modulations (Harper and
Woodman, 1977; Fukao et al., 1979; Datta et al., 2001).
Data collected from the MST radars have been used to

derive the broad characteristics of the radar return signals
backscattered from the variations in the permittivity of the
medium due to spatial and temporal ?uctuations in the elec-
tron density (�Ne) produced by neutral turbulence (Rastogi
and Bowhill, 1976a,b). The basic mechanism of Bragg

1364-6826/$ - see front matter c© 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jastp.2004.02.003 101
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scattering is responsible for backscatter from the ionisation
irregularity scales of half the radar wavelength. Studies
have shown that atmospheric gravity waves, generated by
mountain Lee waves, the convective weather systems, etc.,
propagate upwards and growing in amplitude, may break
down/transfer energy to modulate the mean wind leading
to shearing ?ows which may become unstable to produce
turbulent motions generating the ionisation irregularities at
diKerent scale sizes (Fritts, 1984).

Global data from MST radar observations have revealed
the following main characteristics of the MST radar re-
turn echoes from the mesosphere (Gage and Balsley, 1980;
Kubo et al., 1997; Kamala et al., 2003) (a) at diKerent radar
beam directions the backscattered signal is highly variable
in time and space, (b) there are certain preferred height re-
gions in the mesosphere, which produce the backscattered
echoes more regularly; commonly these are observed as
two broad height regions of 65–80 and 80–85 km, (c) over
the high latitude region strong echoes are obtained from
82–85 km height range called Polar Mesospheric Summer
Echoes (PMSE); during other seasons signi:cant but weak
backscatter echoes are generated from lower height regions
(∼65–80 km), (d) over the low latitude stations e.g., Jica-
marca and Gadanki, the main scattering layer lies around
∼75 ± 5 km with another weak region of radar scattering
around 80 ± 5 km; the 75 ± 5 km scattering region show-
ing seasonal dependence with strongest echoes seen during
June/July months and weakest during winter.

These observations of radar backscatter signals contain
information on the structure and thickness of the scattering
region which generally correspond to the mesospheic tur-
bulence :eld (Fukao et al., 1985). Due to poor values of
signal-to-noise ratio of back-scattered return echoes, much
of the mesospheric observations, particularly over low lat-
itude stations have been carried out at 16 �s pulse lengths
equivalent to 2:4 km range resolution. At this resolution, it
is possible to resolve the scattering layer thickness of the
same order, making it diDcult to resolve the possible ex-
istence of the :ne structure present within the broad layer.
Attempt has been made to estimate the :ne structure of the
mesospheric scattering layer over Jicamarca by operating
the radar in FDI mode. While this technique provides a bet-
ter determination of the location of scattering layer within
the broad region, it is not possible to resolve multiple lay-
ers, if present within this region (Stitt and Kudeki, 1991).
However, the technique has been found useful in comput-
ing wind :elds with better spatial resolution than normally
possible over Jicamarca which is located under the equato-
rial electrojet. Over the mid-latitude region some prelimi-
nary results have been published by Roettger et al. (1979)
showing the presence of blobs, sheets and layers by operat-
ing the SOUSY radar, Germany at 150 m. However, above
70 km layers of thickness 1–2 km could only be observed.

Sounding rocket experiments have been carried out
from many locations for in-situ measurements of the ver-
tical pro:les of electron density (Ne) and electron density

irregularities (�zNe) at a higher resolution of ∼1 km as
compared to the coarser radar resolution. A number of near
simultaneous rocket–radar campaigns have been carried out
to study the correlation between the presence of ionisation
irregularities and that of mesospheric scattering regions
derived from the radar data. An important result from these
experiments is that on many occasions, the strong layers
of ionisation irregularities in the mesosphere as revealed
by rocket experiment are associated with the occurrence of
signi:cant radar backscattered signal from the same height
regions (Royrvik and Smith, 1984; Lehmacher et al., 1997).
The basic theoretical understanding that the radar backscat-
ter from mesosphere takes place from �Ne present at the
required Bragg wavelength scales and also partial re?ection
from layers of sharp electron density gradients (Fresnel
scatter) have been amply demonstrated by these rocket–
radar sets of observations (Roettger, 1994). While these
comparisons have broadly demonstrated the presence of
ionisation irregularities and corresponding radar backscat-
tered echoes from the same region, a detailed assessment
of the layer thickness and structures has not been made
particularly over the low latitude region.

In the present work, results of the high-resolution obser-
vations using the MST radar at the Indian station Gadanki
(13:5◦N; 79:2◦E) are presented for the :rst time to study the
:ne structure of the mesospheric scattering layer. The char-
acteristic features of the mesospheric ionisation layer thick-
ness revealed by rocket observations of ionospheric electron
density irregularities over the Indian rocket launching sta-
tion SHAR (13:7◦N; 80:2◦E) are examined by reanalysing
the data obtained from earlier ?ights. While one-to-one com-
parison of radar and rocket results is not possible using past
rocket ?ight data, it is useful to qualitatively demonstrate
features of the :ne structure of the electron density irregu-
larities, if any, from this new analysis of the earlier rocket
data at a location which is only ∼100 km away from the
radar site.

2. Observations, data and analysis

For this experiment, MST radar at Gadanki was oper-
ated at 1:2 km and 600 m range resolutions in addition to
the 2:4 km resolution normally used for mesospheric obser-
vations, and we succeeded in getting a few days of such
high-resolution data with signi:cant SNR values. The radar
data are presented in the form of height pro:les of the re-
turn echo power for selected events (following the criterion
of SNR¿− 10 dB) on diKerent days of observation corre-
sponding to range resolutions of 2.4, 1.2 and 0:6 km. Sam-
ple RTI plots are included for the period of near continuous
radar backscatter signals at 1:2 km and 600 m resolutions.

High-altitude sounding rocket experiments have been
conducted from the Indian station SHAR primarily to study
E and F region ionospheric phenomena. These measure-
ments include pro:les of ion and electron densities and
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electron density irregularities observed over a scale size
spectrum. While the rocket measurements are capable to
provide statistically signi:cant data at very high resolu-
tion (each sample data corresponding to ∼50 m height
resolution), normally for the E- and F-region studies fur-
ther averaging is done to get the pro:le at 1 km height
resolution. For the present paper, the rocket probe current
data are re-analysed to derive �zNe height pro:les in the
mesosphere containing details of the :ne structure. For
measuring electron density and electron density irregular-
ities, rocket borne Langmuir probes were ?own on two
RH-560 rockets from SHAR on May 4, 1987 at 10:10 h
LT and on April 19, 1993 at 11:20 h LT, respectively. A
:xed bias voltage of +4 V is applied to the sensor and the
current collected by the probe is telemetered to the ground.
The probe current is converted into electron density using
a suitable calibration factor. To measure electron density
irregularities an AC ampli:er with a frequency bandwidth
of 100 Hz–2 kHz is used onboard. The rocket velocity at
75 km is about 2 km=s. The composite amplitude of irreg-
ularities is subjected to spectrum analysis using six :lters
corresponding to diKerent scale sizes. The 3 m size irreg-
ularity amplitudes are estimated from these measurements
(Prakash et al., 1972; Gupta, 1997, 1999).

3. Results

Fig. 1a shows the vertical beam return echo power of
sample mesospheric radar observations for diKerent hours of
September 5, 1995, September 7, 1995 and July 21, 1998 at
600 m, 1.2 and 2:4 km range resolutions, respectively. All
the three height pro:les show considerable enhancement of
backscattered power around ∼75 km altitude and display
the echo layer :ne structure of varying degrees. The 600 m
resolution data on September 5 shows the presence of two
or more scattering layers as compared to one or more at
1.2 and only one broad layer at 2:4 km resolution data. On
July 21 the 2:4 km resolution data indicates that the average
FWHM value of the thickness of the turbulent layer around
∼75 km is ∼4–5 km. DiKerent times of occurrence of good
return echo power in the same hour slot for diKerent beam
directions (not shown in the :gure) point to the relatively
short horizontal extent (¡ 10 km) of these turbulent centres
as estimated from the oK-vertical observations for a radar
beam angle of 10◦. The main point to be noted is that the
:ner details of the layer structure become progressively vis-
ible as we go to higher range resolution echoes indicating
the presence of thin layers of at least 600 m.

Fig. 1b also shows similar examples of the height pro:les
of radar return echo power in the vertical radar beam for

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Fig. 1. (a) Height pro:les of radar return echo power (in arbitrary units) as observed on 5 September 1995, 7 September 1995 and 21 July
1998 for three range resolutions of 600 m, 1.2 and 2:4 km, respectively for selected scans every hour in the vertical beam direction. (b)
Same as Fig. 1a for 20 September 1996 for 1:2 km range resolution and for 12 August 1996 for 600 m and 1:2 km range resolutions, both
for vertical beam directions.

selected times on two days of radar observation (August 12,
1996 and September 20, 1996). Observations on August 12
were carried out both at 600 m and 1:2 km range resolutions
and that of September 20 at 1:2 km. The presence of :ne
structures in the 600 m resolution data can be clearly seen
in the :gure. The two panels of August 12 observations
indicate how the details of layer :ne structure can be lost
by switching the radar pulse width from 4 to 8 �s.

Fig. 2 shows a diKerent perspective of the same data given
for 600 m range resolution in Fig. 1a. While the :rst panel
shows the observed height pro:le of the return echo power
for the vertical beam at 600 m range resolution the lower
panels show the simulation of the same data averaged for
1.2 and 2:4 km range resolutions, respectively. The simu-
lated results mean that had the radar been operated at 1.2 and
2:4 km resolutions on September 5, the height pro:le of the
return echo power would have looked like what is shown in
this :gure, i.e., smoothing out the higher-order structures.
The presence of multiple layers in panel 1 going through in-
termediate transition is replaced by broader layer structures
seen in the lowest panel would virtually correspond to the
data at range resolution of 2:4 km. The results shown here
in panels for 1.2 and 2:4 km have striking similarities with
the second and third panels of Fig. 1a even though the days
are diKerent.

The corresponding RTI plots of the data for September
5, 1995 and September 7, 1995 are shown in Fig. 3. The
presence of thin layers up to 600 m is discernable from this
:gure. It may be seen that there is considerable diurnal vari-
ability in the occurrence and strength of thin layers within
the region of turbulence. Such dynamic situation points to
the highly irregular structure of the mesospheric turbulence.

The rocket data over SHAR has been used to examine the
possible signatures of the manifestations of neutral density
turbulence on the electron density irregularities. The elec-
tron density pro:les at 1 km resolution and the percentage
amplitude of electron density irregularities for 3 m scale
size reanalysed for 200 m height resolution are computed
from the respective telemetry channel data of rocket ?ights
for May 4, 1987 and April 19, 1993. The values of 200 m
resolution data are selected after optimising the minimum
height resolution from SNR considerations pertaining to the
original time series of rocket data at 50 m height intervals.

The results of the vertical pro:les of Ne and the percent-
age amplitude of 3 m size electron density irregularities are
shown in Fig. 4. It can be seen that there is enhanced per-
centage amplitude of electron density irregularities on both
the days in the height region of interest with April 19 show-
ing presence of more irregularities compared to that of May
4 ?ight data. It may also be noted that the electron density
pro:le shows more gradients during April 19 compared
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Fig. 2. Height pro:le of radar return echo power (in arbitrary units) for observations on 5 September 1995 for height resolution of 600 m
(top panel). Same data averaged for 1.2 and 2:4 km height resolutions are shown in middle and bottom panels, respectively.

Fig. 3. Range–time–intensity (RTI) plots using return echo power of the radar backscatter signal for vertical beam direction during 5
September and 7 September 1995 at 600 m and 1:2 km height resolutions.
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Fig. 4. Electron density pro:les obtained using rocket experiments from SHAR on 4 May 1987 (top panel) and 19 April 1993 (lower panel)
for 1 km height resolution and the height pro:les of the percentage amplitude of electron density irregularities for 3 m-scale size at 200 m
resolution for same days.

to that of May 4. Whether the relatively higher percentage
(∼1%) of ionisation irregularities at 3 m scale sizes is a
very special case can only be determined by more rocket ob-
servations over these latitudes. Available results from radar
–rocket comparison made from other locations do not indi-
cate presence of such high values of 3 m sizes of ionisation
irregularities (Royrvik and Smith, 1984; PfaK et al., 1985).
It is seen from Fig. 4 that the amplitudes of the 3 m size ir-
regularities are enhanced between 73 and 80 km which has
been observed at other locations also. The height pro:le of
the percentage amplitude of irregularities indicates presence
of thin layers within the broader region of irregularities.

FFT computations are carried out on the rocket elec-
tron density data read at 200 m height intervals between
73 and 77 km on May 4, 1987 and between 73 and 85 km
(in three separate broad layers) on April 19, 1993 using
the channels providing the information on ionisation ir-
regularities. While the spectral power of the fundamen-
tal frequency (assumed to correspond to the broad height
ranges of occurrence of ionisation irregularities) shows the
maximum amplitude, there is above noise level spectral
power distribution between the thinner layers. There is clear

indication of presence of thin layers of 400–500 m thick-
ness with above noise-level spectral power fraction within
the 3–4 km broad regions of ionisation irregularities. How-
ever the analysis between 83.5 and 85 km on April 19, 1993
where the main irregularity region itself is 1:5 km thick did
not show clear presence of thin layers. Hence, the thin layer
structure would vary with the height range of observed iono-
spheric irregularities with the region between 70 and 80 km
showing presence of :ner structures. These rocket results on
the :ne structure of the layer of the mesospheric ionisation
irregularities broadly agree with the thin layer structure in-
ferred from the radar backscatter echoes from the meso-
sphere in a qualitative sense.

4. Summary and discussion

The paper presents the :rst results of the :ne structure
of the mesospheric scattering layers observed by the In-
dian MST radar facility located at Gadanki. These results
are an extension of the already reported work on detailed
morphological characteristics of mesospheric backscattered
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echoes from the broad region of neutral turbulence between
∼68 and 80 km (Kamala et al., 2003). Over the low lat-
itude region such studies using MST radar technique are
very rare. Since the primary cause of the radar backscatter
from the lower mesosphere is due to the ?uctuations in the
electron densities produced by neutral turbulence, past data
from the rocket borne measurements of ionisation irregular-
ities (�zNe) from SHAR station close to the radar site has
been reviewed by reanalysing the height pro:le of �zNe for
a better than the usual 1 km resolution published earlier.

The results presented here show the following important
aspects of the mesospheric turbulent scatter layer and the
rocket observed vertical pro:les of ionisation irregularities
over the low latitude region: (a) the dominant mesospheric
scattering layer is located around 68–76 km and it is clear
from the average value of FWHM for 2:4 km vertical res-
olution data of the return echo power that the layer or the
region of turbulence :eld extends between 4 and 5 km in
height range, (b) embedded within this broad :eld of scat-
tering region are thinner layers of at least ∼600 m revealed
from the high resolution radar measurements; presently sys-
tematic mesospheric observations with better than 600 m
range resolution are diDcult due to sensitivity limitations of
the radar and hence it is not possible to determine if and
what could be the lower limit of layer thickness and its mor-
phology, (c) height pro:les of the percentage amplitude of
electron density irregularities at scale size of 3 m obtained
from the reanalysis of data from two days of sounding rocket
?ights from SHAR, close to the radar site, show considerable
enhancement around 70–80 km height range which quali-
tatively matches with the main region of radar backscatter
echoes. The rocket data also indicates presence of :ne struc-
ture of varied layer thickness between 70 and 80 km height
range with substantial spectral power down to 400–500 m
height resolutions as demonstrated using FFT analysis.

In the mesosphere, wind shears of 20–40 ms−1=km have
been attributed to the gravity wave-mean ?ow interactions
(Fukao et al., 1985; Fritts, 1984). It is known from basic
understanding of the phenomenon that such strong wind
shears may lead to generation of turbulence if the Richardson
number (Ri) reaches a small critical value. By taking the
ratio of the potential and kinetic energies of an air parcel Ri is
shown to be equal to (N 2=(du=dz)2), where N is the Brunt–
Vaisala frequency and du=dz represents the wind shear.With
N being about 5 min in the mesosphere, Ri may reach values
between 0.25 and 1.00, while Ri6 0:25 is the condition
when the ?uid ?ow becomes unstable generating turbulence.
But the instability of the air ?ow would depend on the whole
pro:le of the ?ow rather than a value of Ri at a given point.

Another consideration is to check the Reynold’s number
Re which is the ratio between the inertial and viscous forces
of the ?ow, given by UL=�, where U and L are the character-
istic velocity and length scales, � being the kinematic viscos-
ity. Large Re values are conducive of generating turbulence
as large inertial forces build and viscous forces dampen it.
Comparing the two conditions of Ri and Re it is seen that the

presence of strong winds and shears may lead the ?uid mo-
tion to become turbulent. Due to the decrease in buoyancy
or convection, strati:cation could occur to impart stability
to the turbulent ?ow. The force due to convection which
drives the air ’bubble’, is given by �v3cHT=L, where � is den-
sity of air, vc is the convective velocity of air bubble moved
by density or temperature perturbations and HT is Cp=Rg.
Hence there may be a combination of related factors, e.g.,
presence of superadiabatic lapse rate leading to convective
forces and presence of strong winds/shears breaking down
to become turbulent in the mesosphere.

Hence it can be concluded that the main region or :eld
of turbulence in the low latitude mesosphere, whenever it
occurs, contains the 3 m size �Ne and extends to ∼4–5 km
in vertical extent. The thin layers of strati:cation are part of
the system restoring the laminar structure of the ?ow. Both
radar and rocket observations indicate that the broad region
of shear generated turbulence consists of thinner layers of
turbulence that may be partially explained due to the de-
crease in the value of du=dz with corresponding increase in
Ri and increase in Re within the region of turbulence. Oc-
currence of strong turbulence may lead to such a situation
and hence only few such high-resolution layers have been
observed during the period of observation. Further observa-
tional data would be required to study if there is any lower
limit of the layer thickness, its occurrence characteristics
in relation to the energy dissipation rates and other param-
eters of neutral turbulence. Simultaneous observations of
MST radar backscatter signals with better range resolution
and mesospheric electron density irregularities using rocket
borne probes with higher sensitivity are necessary for fur-
ther studies in this direction.
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Abstract

Balloonborne measurements of the polar conductivity and the vertical electric field were carried out over a period of 1984–1994

from Hyderabad, Central India. The conductivity values show positive correlation with solar activity between 20 and 35 km.

Between 5 and 20 km the conductivity values show an anti-correlation with solar activity. The vertical electric field does not show

solar cycle effect. However, the electric field and the conductivity show a semi-diurnal variation at balloon float altitude.

� 2004 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The electrical conductivity and vertical electric field in

the stratosphere play a very important role in the global

electric circuit. The source of ionization in the strato-

sphere and in the troposphere is cosmic rays. The in-

tensity of cosmic rays varies inversely with solar activity

(Neher, 1967; Volland, 1984). The conductivity depends

on the ion density and ion composition. Therefore, it
should show a solar cycle effect. In fact the results of

conductivity measurements in the stratosphere from

Hyderabad, India (17.3�N, 78.5�E, Geomagnetic Lat.

8�N) show solar cycle dependence (Gupta, 2000). The

vertical electric field in the troposphere and in the

stratosphere is mainly due to worldwide lightning ac-

tivity. This lightning activity keeps the globe at a nega-

tive potential with respect to space. So far we do not
know whether global lightning activity has a solar cycle

effect (Muir, 1979; Stringfellow, 1974). Therefore, mea-

surements of the vertical electric field in the stratosphere

are very important (Gupta et al., 1992). The semi-diur-
nal variations of the conductivity and the electric field at

balloon float altitudes at the stratosphere heights needed

to be studied in more detail. Several workers have

shown that both of these parameters do show semi-

diurnal variations (Croskey et al., 1985; Gupta, 2002;

Ogawa and Tanaka, 1976).

2. Results

More than 12 balloon flights were conducted from

Hyderabad, India over the period of 1984–1994 to

measure electric field and conductivity. For conductivity

measurements, different techniques were used, like re-

laxation probe, Langmuir probe, Ogawa type probe, etc.

(Gupta and Narayan, 1987; Gupta et al., 1992; Udare
et al., 1991). The electric field was measured by the

double probe technique. In some of the flights, mea-

surements were done at float altitude for a longer period

ranging from 4 to 10 h. Fig. 1 shows the vertical profile

of conductivity for two different days, i.e., 8 April 1987

(IMAP C-2) and 6 December 1989 (TIFR 276). It can

be seen that the conductivity values show a solar cycle

effect. Fig. 2 shows the conductivity profile for 22

*Tel.: +91-79-6302129; fax: +91-79-6301502.
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December 1986 (IMAP C-l) and for 22 April 1989

(IMAP C-5). Here also we can see solar cycle effect. On
these two flights we could measure the conductivity

from 5 km onwards. Fig. 3 shows the vertical electric

field for same flights as Fig. 1. Fig. 4 shows the diurnal
variation of the conductivity for 17 October 1989

(IMAP C-7) at float altitudes (Gupta, 2002). Fig. 5

shows the electric field values at float altitude for two

different days: 17 October, 1989 (IMAP C-7) and 11

April, 1988 (IMAP C-6). IMAP C-6 float altitude was 36

km, but we have normalized the values for 32 km alti-

tude since the float altitude of IMAP C-7 was 32 km.

3. Discussion

The polar conductivity of the stratosphere is given by

r ¼ � e2
m

X ni
mi

� �
; ð1Þ

where e is the electron charge, m is the collision fre-

quency, ni is the ion density and mi is the ion mass.

The ionization in stratosphere is mainly due to cosmic

rays which has solar cycle dependence. However, the

Fig. 2. Vertical profile of vertical electric field for same flights as in Fig. 1.

Fig. 3. Conductivity profile for IMAPC-1 and IMAPC-5 from 5 to 35

km altitude.

Fig. 4. Semi-diurnal variation of conductivity profile at float altitude

for IMAP C-7.

Fig. 5. Semi-diurnal variation of vertical electric field at float altitude

for IMAP C-7 and IMAP C-6 flights.

Fig. 1. Vertical profile of conductivity for flight IMAP C-2 and TIFR

276.
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conductivity also depends on ion mass, which may

vary with solar cycle. Therefore, conductivity varia-

tion with solar cycle can easily be explained in terms

of ion production rate and ion composition. In Fig. 2,

we see that in troposphere of 5–20 km, the conduc-

tivity is more in low solar activity period compared to
high solar activity period because below 20 km only

cosmic ray effect will dominate over UV radiation

related effect (Lean et al., 1997). Above 20 km, con-

ductivity is high during high solar activity period.

This aspect was discussed by Gupta (2000). Also,

Byrne et al. (1988) have observed such features. Fig. 1

shows that in 20–35 km the conductivity is high

during high solar activity period, compared to low
solar activity period.

From Fig. 3, we find that the vertical electric field

does not show any clear solar cycle effect. The electric

field in the troposphere and stratosphere is mainly due

to worldwide lightning activity. Global lightning ac-

tivity does not show a significant solar cycle effect

(Wacker and Orville, 1999). However, we suggest that

global lightning activity should be monitored on a
long-term basis. Such a study is already undertaken by

satellite-borne techniques (Christian and Latham,

1998).

It is important to note that at balloon float altitude

both parameters, conductivity and the vertical electric

field show a semi-diurnal variation. However, both pa-

rameters vary out of phase. Since conductivity has

semidiurnal variation, electric field should also show
semidiurnal variation, but in opposite phase. So the air

earth–current density value can remain constant. This is

a necessary condition for global electric circuit. This can

be explained that the phenomenon may be due to tidal

effect.

4. Conclusion

At low latitude, the stratospheric conductivity shows

a solar cycle variations while the electric field does not

show such features. Both of these parameters show

semidiurnal variations at balloon float altitude.
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Abstract. In situ probe measurements of plasma parame-
ters were carried out on 18 and 20 November 1999 from
Sriharikota, India, a low-latitude rocket launching station to
investigate the effect of a Leonid meteor storm. Results ob-
tained on plasma waves using a high frequency Langmuir
probe are discussed. The characteristics of the sub-meter
scale size plasma waves observed for the first time during
Leonid meteor storm are presented. Based on the results
obtained from both the rocket flights and comparison with
the results obtained from previous rocket flights from the
same location, it appears these sub-meter waves are associ-
ated with intense meteoric activity. A possible mechanism
based on the dependence of the meteoric activity and its lim-
itations are discussed.

Key words. Ionosphere (Equatorial ionosphere; Ionospheric
irregularities; Plasma waves and instabilities)

1 Introduction

It is known that a typical meteor Zenith Hourly Rate (ZHR)
of a Leonid meteor shower associated with Comet Tempel-
Tuttle, which occurs every year during 17–18 November, is
around 5 (McKinley, 1961). However, the ZHR for a Leonid
meteor storm, an event which occurs once in 33 years, is
about a few thousands (Aguirre, 2000). The meteor streams
enter the Earth’s ionosphere with the velocities ranging from
12 km/s to 72 km/s (Hocking, 2000). It is well established
that the meteoric species continuously become deposited in
the lower thermosphere both in the form of ions due to abla-
tion of the meteorites and also in the form of neutral species.
A few in situ measurements (Narcisi, 1968; Shirke et al.,
1981) during normal shower activity are available in the lit-
erature. The in situ measurement during an intense meteor
storm is not available in the literature (McNeil et al., 2001),
particularly from a low-latitude region. However, rocket ex-
periments were conducted during a Leonid storm in 1999

Correspondence to:R. Sekar
(rsekar@prl.ernet.in

from Sriharikota (SHAR), India, with an objective to in-
vestigate the effects on plasma parameters and the possible
plasma waves in the low-latitude ionosphere induced by in-
tense meteor storm. Based on a single rocket flight, the pre-
liminary result on the existence of a new type of plasma wave
over low latitude during a Leonid meteor storm is reported
elsewhere (Gupta et al., 2003). The present communica-
tion deals with the detailed results obtained from two rocket
flights on plasma waves and brings out their association with
Leonid meteor storm activity.

The plasma waves in equatorial E region associated with
equatorial electrojet have been studied using in situ probes
(Prakash et al., 1972; Pfaff et al., 1987) and VHF radars
(Balsley and Farley, 1971; Prakash et al., 1974). VHF radars
provide temporal behaviour of plasma waves at a particular
wavelength, while the in situ probe measurements provide
information of various ranges of scale sizes during a limited
duration. The earlier studies based on these techniques re-
vealed that there exists two types of plasma waves (conven-
tional two stream and gradient drift waves) over the equato-
rial ionosphere. As the site (dip lat 6◦ N) of the observation
reported in the present communication is far from the equa-
torial electrojet effects, the conventional two stream waves
are unlikely to become excited. As it can be noticed from the
following section that the presence of the observed plasma
waves in the present case in a shallow plasma density gra-
dient region and the absence of the same in a steep plasma
density gradient region rule out the possibility of gradient
drift waves. Further, the scale sizes of the observed plasma
waves are considerably lesser than the cut-off wavelength of
conventional plasma waves established by the earlier works
(Balsley and Farley, 1971; Schmidt and Gary, 1973; Pfaff
et al., 1987). Hence the conventional two steam and gradi-
ent drift processes cannot account for the new plasma waves.
Thus, these conventional processes will not be discussed any
further.

In the present communication, the characteristic of a new
plasma wave, its association with meteor storm activity and
a possible mechanism with its limitation will be discussed.
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Fig. 1. Telemetry record of plasma waves obtained on 18 November
1999,(a) at an altitude of 105 km and(b) at 120 km altitude.
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Fig. 2. Telemetry record of the plasma waves obtained at 105 km
altitude on 20 November 1999 when the meteor activitylevel is
one-third in comparison to the first flight.

2 Details of the experiments

Two RH-300 Mark II rockets (F01 and F02) with identical in-
struments were launched from SHAR (13.7◦ N, 80.2◦ E, dip
lat. 6.0◦ N), on 18 and 20 November 1999, respectively, at
7:25 and 7:03 IST (Indian standard time). Both the rockets
were launched nearly with the same launch azimuth of 90◦

and a launch elevation of 84◦. The rockets attained apogee
of 139 and 136 km, respectively. The rocket carried a high
frequency Langmuir probe and an electric field probe to mea-

sure plasma wave parameters. The electric field probe did not
yield any useful scientific information as the rocket velocity
induced electric field could not be eliminated satisfactorily.
The uncertainty in the measurement of the plasma wave am-
plitude is less than 0.4% of the ambient plasma density for
the present case.

3 Results

Figure 1a depicts the telemetry record of high frequency
(100 Hz to 3 kHz) channel data of the normalized fluctua-
tions in electron densities during 99.02 s to 99.04 s, corre-
sponding to a 105 km altitude. The normalized amplitude
of fluctuation (peak to peak) at this altitude corresponds to
about 4% of the ambient electron density. During the time in-
terval of 0.02 s, around forty-two peaks are observed which
correspond to the frequency of 2.1 kHz in the rocket frame
of reference when the rocket velocity is 1 km/s. The ampli-
tude and the wave frequency in the rocket frame of reference
of these plasma waves are found to change with altitudes.
Thus, in order to ascertain that the observed plasma waves
are geophysical in nature, sample data at a different altitude
is analyzed. Figure 1b depicts a telemetry record of high fre-
quency oscillations in the same channel (100 Hz to 3 kHz)
but at a different altitude region where the vertical compo-
nent of rocket velocity is only 0.5 km/s. The peak-to-peak
amplitude of the wave reduced to nearly 1% of the ambient.
During a time of interval of 0.02 s, around 25 peaks are ob-
served which correspond to a 1.25 kHz wave frequency in the
rocket frame of reference.

The telemetry record of the high frequency channel ob-
tained from flight F02 between 100.04 to 100.06 s, corre-
sponding to 105 km altitude, is depicted in Fig. 2. High
frequency fluctuations are observed at 100.05 s with a nor-
malized amplitude equal to 3.5% of the ambient electron
density. During a time interval of 0.008 s, seventeen peaks
are seen which correspond to a∼2.1 kHz wave frequency
in the rocket frame of reference when the rocket velocity is
1 km/s. Figure 2 represents a sample of high frequency waves
in plasma density observed by the second rocket, which was
conducted when the Leonid storm activity level had fallen to
one-third of its value corresponding to 18 November.

Figures 3a and b depict the altitude profiles of the ampli-
tudes of the waves, along with electron density profiles ob-
tained on 18 and 20 November, respectively. The plasma
waves are observed to confine in the altitude region of 100 to
120 km on 18 November and between 100 and 106 km on 20
November. The plasma wave amplitude attains a maximum
at 105 km on 20 November and the wave amplitude is below
the detection limit beyond 106 km. The altitude extent varies
with the level of Leonid storm activity. The maximum am-
plitude is found to be nearly at the same altitude (105 km) on
both days. The fluctuations observed near the rocket apogee
are non-geophysical in nature.

In general, the electron density profile is much more
structured on 18 November compared to the profile on
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20 November. Further, a small variation in electron density
profile is noticed on 18 November and a relatively signifi-
cant one on 20 November, closer to the altitude region where
plasma wave amplitude is significant. A sharp cut-off in the
amplitude of the plasma wave is seen on 20 November in
Fig 3b when the Leonid storm activity is less.

4 Discussion

Figure 1a and b reveals that the electron density fluctuations
are not only different in amplitudes but also different in dom-
inant frequency in the rocket frame of reference. The differ-
ences in the frequency at different altitudes suggest that these
fluctuations are not associated with a measurement system.
Taking into account the measured velocities (V) of the rocket
at different altitudes, and the observed dominant frequencies
(f), the scale sizes of waves (V/f) are calculated to be 47 cm
and 40 cm, respectively, at 105 and 120 km altitudes. Thus,
these scale sizes of the plasma wave fall under the sub-meter
category. Further, Fourier spectrum analysis of these plasma
waves (not shown in the figure) also reveals that the power is
centered at the region of sub-meter scale size.

In this context, it is important to study the association be-
tween the sub-meter plasma waves and the activity of the
Leonid meteor storm. Since the activity on 20 November
had fallen to about one-third of its value corresponding to
18 November, the information regarding the presence (or ab-
sence) of the plasma waves on a non-meteor storm day could
not be obtained by the present set of measurements. How-
ever, the earlier flights conducted from the same location on
non-meteor storm days with identical probe systems did not
reveal the presence of sub-meter category of plasma waves
(Thiemann et al., 1995; Gupta, 1997). Further, it is clear
from the results (Figs. 3a and b) that the altitude extents of
the region wherein the plasma waves are present depend on
the activity of the Leonid storm. It is interesting to note that
a maximum amplitude of plasma waves exist at an altitude
(105 km) where the meteoric deposition is large in general.
The recent measurement (Close et al., 2002) on the head
echoes from the Leonid meteor shower which occurred dur-
ing 1998, using UHF ALTAIR radar, supports this view. Fur-
ther, the maximum amplitude of the sub-meter plasma waves
at about 105 km is 4% with an amplitude that is four times
more than the usual plasma waves. These experimental evi-
dences indicate that the sub-meter waves are associated with
Leonid storm activity.

Regarding the generation of the sub-meter plasma waves,
the recent simulation presented by Dyrud et al. (2002) be-
comes important. In order to explain non-specular VHF
and UHF radar echoes from meteor trails observed over the
low-latitude region, (Kwajelein Atol, a place having a dip
value of the Earth’s magnetic field, similar to the present
launching station, SHAR) kinetic plasma simulations within
a meteor trail have been carried out by Dyrud et al. (2002).
These simulations reveal that the meteor trail often devel-
ops Farley-Buneman gradient drift waves which become tur-

Fig. 3. Altitude profiles of amplitude of plasma waves along with
electron densities obtained(a) on 18 November 1999,(b) on 20
November1999.

bulent and generate field-aligned irregularities of sub-meter
scale sizes in an altitude region 96 km to 106 km. The sim-
ulation and earlier computation work by Farley (1963) re-
quire that the magnitude of electron drift velocity perpen-
dicular to the magnetic field should be 4 km/s for the gen-
eration of sub-meter waves. Such high velocities do exist
within the meteor trail. The observations, with changes in
the altitude profile of the electron density but to a lesser
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extent on 18 November, and a relatively significant change
on 20 November at 105 km, where a maximum plasma wave
amplitude is observed, support this mechanism of the gen-
eration of sub-meter waves. However, their simulation in-
dicates that the actual altitude range for meteor trail insta-
bility depends on meteor trail velocity. In the present ex-
perimental conditions, the meteor trail velocity is expected
to be on the higher side as the Leonid storm activity and
the observation took place in the morning sector over the
low-latitude region. The actual measurement (Close et al.,
2002) of the average meteor trail speed of the Leonid me-
teor shower which occurred during 1998 when the condition
was similar to the present case was 69 km/s. This would not
favor the growth of sub-meter plasma waves at a higher alti-
tude (>106 km) region owing to a larger radius of the meteor
trail and a corresponding reduction in the electron density
gradient within the meteor trail according to the simulation
of Dyrud et al. (2002). However, the plasma waves in the
present rocket campaign were observed in different parts of
the rocket trajectory even at a 120 km altitude (see Fig. 1b).
The presence of waves was also recorded during the down leg
of the rocket trajectory. In the absence of the spatial distri-
bution of the meteor trails in the ambient ionosphere during
a severe Leonid meteor storm, the above mechanism appears
to be a viable one. Further investigations are needed to un-
derstand the existence of plasma waves at a higher altitude
region, particularly on a meteor storm day.

5 Summary

The characteristics of the sub-meter plasma waves over
a low-latitude E-region observed for the first time during
Leonid meteor storm of November 1999 are presented. Indi-
cations for the association of the observed sub-meter waves
with the activity of Leonid meteor storm are found. A possi-
ble mechanism and its limitations are discussed.
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 A new plasma wave over low latitude
 ionosphere during Leonid meteor
 storm

 S. P. Gupta, R. Sekar* and Y. B. Acharya
 Physical Research Laboratory, Navrangpura, Ahmedabad 380 009,
 India

 Leonid meteor storm is a unique astronomical event
 that occurs once in 33 years. In order to investigate
 the effect of Leonid meteor storm over low latitude

 ionosphere, rocket measurements of plasma para
 meters were carried out on 18 and 20 November 1999

 from Sriharikota, India. The meteoric activity was at
 its peak on 18 November 1999. Results obtained on
 plasma waves using a high frequency Langmuir probe
 revealed for the first time, an experimental evidence
 for the presence of sub-meter scale size plasma wave
 over low latitude E-region. The peak amplitude of the
 plasma wave occurs at 105 km with a magnitude of
 ~4% of ambient electron density. The ambient
 plasma conditions during these measurements imply
 that the causative mechanism for the generation of
 this plasma wave is different from well known gradi
 ent drift waves.

 Leonid meteor shower associated with comet Tempel
 Tuttle occurs every year during 17-18 November with a

 ♦For correspondence, (e-mail: rsekar@prl.ernet.in)

 typical meteor zenith hourly rate (ZHR) of around five1.
 However, Leonid meteor storm occurs once in about 33

 years with intense ZHR of a few thousands2'3 when the
 above comet approaches inner solar system. In the litera
 ture3'4, in situ measurements during an intense meteor
 storm is not available from a low latitude region prior to
 the present rocket measurements during Leonid storm
 1999. Two RH-300 Mark-II rockets (F.l and F.2) carry
 ing high frequency Langmuir probe sensor mounted on
 booms perpendicular to spin axes of the rockets were
 launched from Sriharikota (13.7°N, 80.2°E, dip lat.
 6.0°N) on 18 and 20 November 1999 respectively at 7.25
 and 7.03 1ST (Indian Standard Time = UT + 5.30). The
 launch of F. 1 coincided with the peak activity of Leonid
 meteor storm, while the launch of F.2 happens to be
 when the activity reduced to one-third. The ambient elec
 tron densities (ne) and fluctuations (Ane) in them which
 represent the plasma waves were measured along the tra
 jectories of the rockets. Earlier studies5"7 on plasma
 waves during normal days revealed only gradient drift
 waves over a low latitude station like Sriharikota. How

 ever, over magnetic equator, other plasma waves known
 as type I waves5,8,9 associated with equatorial electrojet
 have also been observed. The above two types of plasma
 waves have a cut-off scale size of a few meters5'9.

 Figure 1 depicts the telemetry raw data from a high
 frequency (100 Hz to 3 kHz) channel representing the
 fluctuations in the electron densities corresponding to
 about 105 km altitude obtained on 18 November 1999.

 The expanded portion of the diagram corresponding to
 the time interval when high frequency fluctuations are
 observed in Figure 1 a, is given in the bottom panel of the
 diagram as Figure 1 b. During a time interval of 0.02 s,
 forty peaks are seen in Figure 1 b which correspond to
 - 2 kHz wave frequency in the rocket frame of reference.
 Similar features were observed on 20 November 1999. It

 can be noticed from Figure 1 a that these high frequency
 fluctuations are found only on certain durations revealing
 that these fluctuations are geophysical and anisotropic in
 nature. Taking into consideration measured vertical velo
 city of the rocket (~ 1 km/s) at 105 km altitude, the obser
 ved 2 kHz plasma waves (in Figure 1 b) correspond to a
 scale size of about 50 cm. Thus, an evidence for the pres
 ence of sub-meter scale size of the plasma waves is re
 ported here for the first time from a low latitude E-region
 of the ionosphere.

 Figure 2 depicts the altitude profiles of electron den
 sity along with the average values of the amplitudes of
 the plasma waves observed on 18 November 1999. Con
 sidering the errors in the measurements, wave amplitudes
 greater than ~0'5% have physical significance. The
 plasma waves are observed to confine in the altitude re
 gion of 100 to 120 km with a maximum amplitude at an
 altitude of 105 km. From Figure 2 it is clear that the
 absence of plasma waves in a steep electron density gra
 dient region (90-94 km) and a presence of maximum
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 Figure 1. a. Telemetry record of plasma waves at around 105 km observed on 18 November 1999;
 b, Expanded portion of figure corresponding to the time interval of 99.02 to 99.04 s.
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 density gradient is negligibly small reveal that the causa
 tive mechanism for the generation of these plasma waves
 is different from well known gradient drift waves5-7 ob
 served over low latitudes. The fluctuations observed near

 the rocket apogee are non-geophysical in nature5 and are
 associated with subsonic motion of the rocket10.

 The plasma waves of a few meter scale sizes over
 magnetic equator are known to exist as type I waves8'"'12
 when the electron drift velocity driven by Hall polariza
 tion field associated with equatorial electrojet exceeds
 ion thermal velocity (350 m/s). As the polarization field
 associated with equatorial electrojet reduces by an order
 of magnitude over Sriharikota13, the type I waves are
 unlikely to exist over low latitude. Several rocket flight
 experiments7 conducted earlier from Sriharikota and the
 radar experiments6 from nearby site located 100 km west

 r^). of this station also support the non-existence of type I
 Electron density (cm-3) wave over such location. Thus, an experimental evidence

 for a new kind of plasma wave over low latitude during

 Figure 2. Altitude profiles of amplitude of plasma waves along with Leonid 99 meteor storm is reported in this communica
 electron densities observed on 18 November 1999. tion.
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 Figure 2. Altitude profiles of amplitude of plasma waves along with
 electron densities observed on 18 November 1999.
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 Photochemically prepared gold
 nanoparticles: A substrate for surface
 enhanced Raman scattering

 Anjali Pal*'#, Tarasankar Palf, David L. Stokes5
 and Tuan Vo-Dinh§
 Department or civil Engineering, Department 01 t.nemisiry,

 Indian Institute of Technology, Kharagpur 721 302, India
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 Gold nanoparticles have been prepared in aqueous
 Triton X-100 medium using a new photochemical pro
 cedure. The characterization of the particle is made
 using transmission electron microscopy studies. The
 effects of analyte molecules such as pyridine and salt
 such as sodium chloride on the sol are studied. The

 photochemically prepared gold nanoparticles has
 been used successfully for surface enhanced Raman
 scattering studies with various types of compounds.

 Molecules that are adsorbed or are at least in close

 proximity to a particular surface, exhibit Raman scatter

 *For correspondence, (e-mail: anjalipal@civil.iitkgp.ernet.in)

 ing which is several orders of magnitude greater than that
 shown by the same substance in the pure state or in solu
 tion. This phenomenon is known as surface enhanced
 Raman scattering (SERS)1'2. The phenomenon has been
 observed either in solid metal surface3"5 or in sol6'7, each

 having its own advantages and limitations. Although
 chemical reduction8-10 has been used for the preparation
 of metal particles, photochemical reduction could be a
 potential alternative because it can afford simple and
 reproducible procedure. The photochemical process is
 reproducible because it can avoid local excess of reduc
 ing agents and can bring about the reaction homogene
 ously11-15.

 Recently we have found that photoirradiation of
 HAuC14 in aqueous poly (oxyethylene) isooctylphenyl
 ether (known as Triton X-100 or as TX-100) medium
 produces colloidal gold16-19. In the formation of colloidal
 gold, TX-100 was considered to function both as a reduc
 ing agent and a stabilizing agent. The procedure is simple
 and the sol is stable for several months. Although silver
 particles are mostly tested as a substrate for SERS and
 shown to be the most promising, gold has its own advant
 age in terms of stability and chemical inactivity20,21. Thus
 developing a SERS substrate made of gold is always
 challenging.

 The photochemically prepared colloid contains gold
 particles, which are non-spherical, and the size is in the
 nanometer range. As a preliminary study we tested gold
 nanoparticles with aqueous solution of pyridine and,
 these nanosystems showed great promise as a SERS
 active substrate17. But more elaborative studies with vari

 ous other compounds are warranted to really show its
 potential to be a good SERS substrate. The advantage of
 this particular sol is that it is extremely stable and has a
 reproducible and simple preparation procedure18.

 We deal here with the SERS studies of different orga
 nic compounds containing various functionalities. The
 effect of electrolyte addition into the sol and its stability,
 and the characterization of the sol by transmission elec
 tron microscopy (TEM) are also discussed.

 The preparation of gold nanoparticles was carried out
 in a photoreactor (Southern New England Ultraviolet Co.
 USA, Model No. RPR 100) equipped with RPR 2537 UV
 lamp (8W) source. SERS measurements were performed
 using a Kr laser (647.1 nm, 180 mW). The SERS spectra
 were run using the gold sol with added electrolyte NaCl
 or MgCl2 (concentration 0.004 M).

 The gold sol preparation procedure is similar to the
 one reported previously16'17 with the exception of the
 source of light. The only exception is that here we per
 formed the reaction in the photoreactor. The reaction was
 carried out in stoppered quartz cuvettes. The photoirra
 diation was performed for 20 min. 1.7 ml TX-100
 (10-2M) containing 0.3 ml HAuC14 (final concentration
 200 ppm) was irradiated for 20 min to obtain the gold sol
 which exhibits a ruby red colour.
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ABSTRACT 

Stratospheric electrical conductivity measurements have been made from high altitude research balloons at 
various locations around the world for more than 30 years. In the stratosphere, conductivity is affected by a 
number of things, including changes in aerosol or water vapor content. In this paper, we compare data taken 
in the last five years at mid latitude locations with data taken in the previous three decades at both mid and 
high latitude from a total of more than 40 balloon flights. Existing models for the effects of geomagnetic 
latitude, temperature, and other factors have been used to normalize the conductivity data for comparison. 
Low noise background has permitted the observation of a solar cycle dependence in the equatorial data. 
Otherwise, this limited statistical sample exhibits short term variations that completely obscure any long 
term climatic trends that may have occurred during the past three decades. 0 2003 COSPAR. Published by 
Elsevier Ltd. All rights reserved. 

INTRODUCTION 
Balloon-borne measurements in the past have consistently shown that the atmospheric electrical conduc- 

tivity generally increases exponentially with altitude through the troposphere and stratosphere. However, 
there are considerable uncertainties in the nature of the conductivity because of spatial and temporal varia- 
tions that are not well understood. In this paper we report measurements of the stratospheric conductivity 
by more than 40 high-altitude balloons, launched from eight locations widely separated in latitude over a 
period of 30 years. The measurements provide the opportunity to investigate long-term variations in conduc- 
tivity profiles on local and global scales. This research was motivated by the lack of global measurements 
of the atmospheric conductivity and its variations, which are crucial to our understanding of the global 
electrical environment (Hays and Roble, 1979; Roble and Tzur, 1986). 

The atmospheric conductivity is proportional to the product of the ion concentration and the ion mobility. 
Variations in conductivity may be caused by a variety of factors that alter either of these two basic quantities. 
These factors include latitudinal and temporal variations in the ionizing cosmic ray flux, global or local 
variations in the ion mobility due to ion attachment co aerosols (Gringel et al., 1986), and changes in the 
ion mobility and ion recombination rate as functions of temperature (Israel, 1973). In previous publication 
(Byrne et al., 1988, 1991), we investigated these and other effects extensively with regard to their effects on 
our conductivity data from the earlier flights (prior to 1987). 

The balloon flights were conducted during many separate balloon campaigns, some by our groups and 
others taken from the literature: 1973, 1976, and 1999 at Palestine, Texas; 1975 at Roberval, Quebec; 1980- 
81 at Siple Station, Antarctica, 1985-86 at South Pole, 1999 at Ottumwa, Iowa, 1983-84 and 1992-93 from 
Christchurch, New Zealand, 6 flights from 1986 to 1994 from Hyderabad, India, and several flights from 
1978, 1979, and 1983 from Laramie, Wyoming (Benbrook et al., 1974; Rosen et al., 1978,1982, 1985; Bering 
et al., 1980, 1987; Holaworth, 1981, 1991; Rosen and Hoffman, 1981; Holzworth et al., 1984, 1986, 1992; 
Norville and Holzworth. 1987: Bvrne et al.. 1991: Holzworth and Hu. 1992: Holzworth and Norville. 1992: 

Adv. Space Res. Vol. 32, No. 9, pp. 1725-1735.2003 
0 2003 COSPAR. Published by Elsevier Ltd. All rights reserved 
Printed in Great Britain 
0273-l 177/$30.00 + 0.00 
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Table 1. Summary of the Balloon Flights 

E. A. Bering III ef al. 

Campaign Location Month Year(s) Latitude Number 

Palestine Texas 
Roberval Quebec 
Palestine Texas 
Laramie Wyoming 
Laramie Wyoming 
Laramie Wyoming 
Siple Station Antarctica 
EMA S. Ocean 
South Pole Antarctica 
Hyderabad India 

PPB 
ELBBO 
Sprites 99 
Palestine 
Ottumwa 

Antarctica 
S. Ocean 

Texas, 
Iowa 

July 1973 
July 1975 
September 1976 
May-Aug. 1978 
May 1979 
March 1983 
Dec.-Jan. 1980-81 
Dee-Jan. 1985-86 
Dec.-Jan. 1985-86 
Dec.,Jan., 1986,87, 
Apr.,Oct. 1989,94 
Dec.-Jan. 1990,92 
Nov.-Feb. 1992-93 

July 
August 

32” N 1 
48’ N 3 
32” N 1 
41” N 4 
41” N 1 
41” N 2 
80” S 5 
< 45” s 8 
9o” s 8 
17” N 6 

78” S 3 
< 45” s 5 

32” N 1 
41’ N 1 

Gupta et al., 1992, Ejiri et al., 1995; Ebihara et al., 1996; Gupta, 2000). The locations of the launch sites, 
dates and times of the balloon flights, and maximum altitudes attained by the balloons are summarized in 
Table 1. 

INSTRUMENTATION 
On most of the flights the conductivity measurements were obtained by the relaxation time method (Mozer 

and Serlin, 1969; Benbrook et al., 1974; Bering et al., 1980; Holzworth, 1981; Rosen et al., 1982; Holzworth 
et al., 1986; Norville and Holzworth, 1987). Four of the Hyderabad flights and all of the Laramie flights used 
other methods (Rosen et al., 1982, 1985; Gupta et al., 1992; Gupta, 2000). Various types of probes were 
used on theflights. Both flat plates 30 cm square and spherical probes of various diameters (15 to 30 cm) 
were used in various University of Houston (UH) and University of Washington (VW) campaigns. The UH 
and UW probes were coated with a colloidal suspension of carbon (aquadag) to increase the surface work 
function, thereby suppressing the emission of photoelectrons which contaminate the positive ion conductivity 
measurements. The payload ground consisted of four similarly coated aluminum plates, typically 30 cm x 60 
cm: mounted on the payload body. The probes were configured on the payload to enable the measurement 
of the electrical potential difference in the atmosphere between two points on three orthogonal axes. For 
this purpose each of five (Siple, Roberval) or six (Palestine, Iowa, southern ocean) probes was mounted 
on 2-m-long phenolic insulating booms, two probe pairs horizontally and one probe-pair (probe) vertically 
(downward). All of the flat plate probes lay in a vertical plane. The payloads were rotated about the 
vertical axis at a period of typically 20 s in order to permit removal of DC offsets from the horizontal probe 
data. This type of double-probe system has been used frequently during the past 40 or so years to measure 
stratospheric electric fields (Paltridge, 1964, 1965; Mozer and Serlin, 1969; Benbrook et al., 1974; Holzworth 
and Mozer, 1979; Bering et al., 1980, 1986; Holzworth, 1981; Holzworth et al., 1984, 1986). The electric 
field was passively measured, so that the conductivity in the vicinity of the probes was not disturbed. 

In the relaxation time technique, one or more probes are driven to a potential different from the “ground” 
potential of the payload for a short period of time and then released and allowed to lose their excess charge 
by conduction through the atmospheric medium. In order for the technique to work, the voltmeter that 
senses the potential difference between the driven probe and the payload ground must draw significantly 
less current than the current that flows from the probe to the medium. This is achieved by using MOSFET 
preamplifiers with input impedances > 10 l3 ohms. The resistance to infinity from the probe through the 
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lo* 0 5 JULY, 1975 X 22 JULY, 1975 A JULY.1973 
1 I I I 

16’3 I I I 1 1 I 
0 IO 20 3c 

ALTITUDE, KM 

Fig. 1. Total conductivity versus altitude measured 
by two balloon flights during the 1975 Roberval, 
Quebec, campaign. The solid and open circles rep- 
resent data points obtained during ascent and de- 
scent, respectively, on July 22. For comparison, 
the Cole and Pierce (1965) model profile and the 
10 July 1973 Palestine data are also shown. (Byrne 
et al., 1988; ($1988 AGU.) 

PALESTINE. TEXAS 
(*)I0 JULY 1973 

IO 
BALl%ON ALTIT”03&n 

40 

Fig. 2. Total conductivity versus altitude mea- 
sured at Palestine, Texas, by two balloon flights in 
1973 and 1976, respectively. The measured profiles 
are compared with two model profiles.(Byrne et al., 
1988; 01988 AGU, Figures 1 and 2 reproduced 
with permission.) 

medium is of order 1011 ohms at float altitude, but it increases roughly exponentially with decreasing 
altitude, with an e-folding distance of order 6 km. Thus this technique is useful only for altitudes above 10 
km. An extensive discussion of the expected response of the probes and the methods used to obtain the 
conductivity data can be found in Byrne, et al. (1988). 

OBSERVATIONS 
The conductivity measurements during the ascent or descent of many of the balloon flights are presented 

as a function of altitude in Figures 1-4. Each conductivity measurement was individually plotted and 
examined to see how well the fitted exponential matches the data. Those measurements that did not fit well 
were omitted from the data base. 

All measurements in this paper were obtained in fair-weather conditions, i.e., there were no direct effects 
of thunderstorms on the local electrical conditions of the atmosphere. Bering et al. (1980) have reported 
stratospheric conductivity measurements obtained in the vicinity of a thunderstorm during the 1975 balloon 
campaign. In each of Figures 1-4, the measured conductivity profiles are compared with two model profiles. 
One model was derived by Cole and Pierce (1965) from microphysical considerations. The other, by Hays 
and Roble (1979), is an empirical model which includes a correction for latitudinal variations of cosmic 
ray ionization. Both model profiles are of the functional form u(z) = o0 exp(z/h), where crO is a reference 
conductivity, z is the altitude above mean sea level, and h is the conductivity scale height. In the Cole and 
Pierce model these parameters have the values 

CT0 = 1 x 10-1s; 
CT,, = 6 x 10-13; 

h = 4.1 3.6 < z < 17.7 
h=7 17.7 < z < 40 (1) 
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16”~ 
SIPLE STATION, ANTARCTICA 

I 1 I I I 
n 

A DEC 12112. ,900 

. JAM I, loal 

0 DEC 12. 1000 

0 DEC al, 1980 

q DEC IS, ,SSO 

n DEC 11. 1900 

/ 7 NEGATIVE ION - 

BALLOON ALTITUDE, km 

Fig. 3. Negative polar conductivity versus alti- 
tude measured by five balloon flights during the 
1980-1981 campaign at Siple Station, Antarctica. 
The measured profiles are compared with two model 
profiles of the negative conductivity. Data points 
without error bars have error estimates smaller than 
the size of the symbol. (Byrne et al.. 1988; 01988 
AGU.) 

,b”t ,SlPLE, STATION. A;TARC,TICA I i A 

POSITIVE ION ----- 

I I 
30 

A DEC 12a13, 1980 

. JAN 7, 19SI 

0 DEC 12. ,s*o 

l DEC 31. I**O 

0 DEC 18, IS81 

, DEC 11, 1980 

BALLOON ALTITUDE, km 

Fig. 4. Positive polar conductivity versus altitude 
measured by five balloon flights during the ‘1980- 
1981 campaign at Siple Station, Antarctica. The 
measured profiles are compared with two model 
profiles, as in Figure 3. (Byrne et al., 1988; 01988 
AGU, Figures 3 and 4 reproduced with permission.) 

where the units for co are ohm-’ m-l, and the units for h and z are km. In the Hays and Roble model 

o. = 1.14 x 10-14; h = 3.5 O<z<8 
co = 1.14 x 10-1s; h=6 8<z<60 (2) 

The variation with latitude in the Hays and Roble model enters as a multiplying factor to (2). For 
Palestine, Roberval, and Siple Station latitudes, these factors are 1.2, 1.34, and. 1.4, respectively, during 
solar quiet conditions. 

For simplicity the model assumes coincident geographic and geomagnetic latitudes. The model profiles 
are included here as references for comparison with our data; however, neither model supposes to be a 
complete representation of the actual conductivity. For example, the Cole and Pierce model does not consider 
latitudinal variations, while the Hays and Roble model is oversimplified for mathematical expediency in their 
global model of atmospheric electricity (R. G. Roble, personal communication, 1987). A more complete 
representation of the atmospheric conductivity is lacking at this time. 

Figure 1 presents the total conductivity profiles measured during two flights of the July 1975 Roberval 
balloon campaign, as well as the 10 July 1973 Palestine flight for comparison. The July 5 flight attained 
a maximum altitude of 32 km. This conductivity profile agrees well with the Hays and Roble model up 
to 17 km and between 22 km and 24 km. Above 24 km the conductivity remained below the Hays and 
Roble profile. The July 22 flight attained a maximum altitude of 27 km before slowly descending as a result 
of a helium leak. Both the ascent and descent data of this flight are shown and are in good agreement. 
The conductivitv orofile measured in this flight is in good agreement with the Havs and Roble model for 
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Flight 2 0 
Flight 3 0 
Flight 4 + 
Flight 6 * 
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1 
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10 

(T_ (x10-” ohm-’ m-l) 

Fig. 5. Negative polar conductivity versus altitude measured by six balloon flights during the 1985-1986 campaign 
at Amundsen-Scott South Pole Station, Antarctica. The measured profiles are compared to a least squares fit to 
all six of the profiles. (Byrne et al., 1991) 

this latitude and is substantially different from the July 5 profile. Most notable is the lack of significant 
departures from an exponential increase in conductivity with altitude. The measured conductivities from 
both flights are below the Cole and Pierce model values by more than a factor of 2 and are above the lower 
latitude Palestine data, as expected. 

Figure 2 shows the total conductivity profiles measured in two flights over Palestine in 1973 and 1976, 
respectively. Both flights attained an altitude of 36 km. The 1973 data exhibit a fairly smooth exponential 
increase with altitude. The data are in good agreement with the Hays and Roble model near 11 km but 
diverge from the model with increasing altitude. The 1976 data are slightly lower but in good agreement 
with the 1973 data, except for a sharp decrease in the conductivity near 19 km, which may indicate the 
presence of an aerosol layer. The measured values disagree with the Cole and Pierce model by a factor of 5 
or more. 

Figures 3 and 4 present the negative and positive conductivity data, respectively, from five balloon flights 
over a 4-week period during the 1980-1981 Siple Station campaign. The December 11 and 12 balloon 
flights attained altitudes of only 20 and 28 k m, respectively, as a result of helium leaks. Both balloons 
descended slowly, providing conductivity measurements with much greater spatial resolution than the ascent 
measurements. Excellent positive and negative data were received above 10 km in these two flights. In the 
other three flights the negative data were of good quality above approximately 15 km, while usable positive 
data were returned only above 20-25 km. For easier comparison with our data, we have drawn the curves 
representing the model profiles as one-half the total conductivity values predicted by each model (both 
models assume o- = o+). 

Below 25 km the measured positive and negative conductivities were approximately equal. Above 25 km 
the positive values were 2-3 times larger than the corresponding negative values during midday hours. We 
attribute this effect to photoelectric emissions from the probe surfaces at high altitudes as discussed below. 
Therefore above 25 km, meaningful comparisons of the profiles from the various flights can only be made 
from the negative data. Except for the positive conductivities above 25 km, the profiles agree well with the 
Hays and Roble model for this latitude. The Cole and Pierce model values are again 2-3 times larger than 
the observed data. Except for minor fluctuations in the profiles, the data from the flights of December 11, 
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Fig. 6. Negative and positive polar conductivity 
versus altitude measured at night during a flight in 
1999 from Palestine, Texas. The cluster of points 
above 30 km is the float data accumulated through- 
out the flight. Fits to the negative data during as- 
cent were not successful. 

Altitude. km 

Fig. 7. Same as Figure 6 for a flight in 1999 from 
Ottumwa, Iowa. 

12, and 31 agree well with each other. The December 19 conductivity was observed to be the lowest of the 
5 flight days in this campaign over the range of altitudes in which good data were received. The January 
7 flight recorded the highest values of the 5 flight days below about 20 km and values in good agreement 
with those on December 12 and 31 above 20 km. There do not appear to be significant departures from a 
general exponential increase with altitude in these profiles. 

We now turn our attention to the data from the 1985-86 South Pole balloon campaign (Byrne et al., 
1991). We have observed over the years that our probe voltages are at times noisy and rapidly time varying 
during the high-velocity ascent stage of a balloon flight. There are probably very good reasons for this, such 
as passage through wind-shears, aerosol layers, swinging of the payload, etc. It has been the case that much 
of the electric field data during the ascent portion of a given flight is simply too noisy to be useful, and 
few or none of the conductivity cycles (relaxation of the probe potential) could be adequately fitted to an 
exponential. The latter is because one has to be a bit lucky to have the infrequent conductivity measurement 
cycle occur during a period of reasonable stability (a time which is long compared to the relaxation time of 
a few seconds) of the electric field in order to get a reliable conductivity data point at low altitudes during 
ascent. This situation is one that varies from flight to flight. On the other hand, during times of float or 
slow descents, these types of noise signals (rapid, large excursions in potential) are not introduced, so that 
the electric field signal is stable and time constants can be unambiguously determined. We have taken the 
position that a conductivity data point is presented only if the exponential relaxation of the probe potential 
during a measurement cycle meets stringent goodness-of-fit criteria. Each of the conductivity measurement 
cycles during ascent or descent have been visually examined to see how well the fitted exponential of the 
probe potential during relaxation matches the data and how the basic data look. Those cycles that are too 
variable are simply omitted from the data base. During the 1985-86 South Pole campaign, the entire ascent 
data of flights 1 and 5 were noisy, and the probe potentials stabilized only after the balloons reached float. 
All of the ascent data from flights 1 and 5 were thereby removed from the data base. In the ascent portions 
of flights 2, 3, 4, 6, and 7, approximately one third of the total number of conductivity measurements were 
omitted. The ascent rate of flight 8 was much slower than the other flights. As a result, flight 8 provided 
more ascent conductivity data points than the other flights, and the overall quality of the ascent data was 
better than the other flights (only two conductivity data points were omitted). Flights 1 and 2 provided 
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Fig. 8. Conductivity at 26 km altitude is plotted vs. time from all flights considered in this study. Negative polar 
conductivity is plotted for all flights except the Laramie, Wyoming results (41”N, 1978-1983). All float altitude 
points from EMA and ELBBO have been plotted, using smaller dots. 

stable vertical profiles during descent. The vertical profiles of u- measured during the 1985-86 balloon 
ascents are shown in Figure 5. On average, (T- increased exponentially with increasing altitude, and over 
the range from 15 km to 32 km can be expressed by 

u- = uo eccp(z/h) (1) 
where ue = 3.17 x 10-130hm-‘m-1, z is the altitude in km, and the scale height h = 10.0 km. 

Space does not permit us to show the ascent profiles from all of the flights that we have included in this 
study. The data from the most recent two flights are shown in Figures 6 (Palestine, Texas) and 7 (Ottumwa, 
Iowa). Two improvements in the precision of conductivity determination were incorporated in these results. 
The PCM telemetry system used on these flights was a 16 bit 1 kHz system, which provided a two order of 
magnitude increase in the resolution of the time constant measurements. Second, precise, high resolution 
altimetry was provided by GPS tracking, which is very much more accurate than barometric altimetry at 
these altitudes. In addition to the ascent profiles, the float interval data have also been included in the 
figures. These two figures show, first, that the conductivity over Palestine has not changed significantly in 
nearly 30 years. Second, the fluctuations in the conductivity that occurred at a fixed altitude during the 
night were nearly a factor of two. Owing to the technical refinements just mentioned, these fluctuations 
must be the result of actual ambient variations, rather than random measurement errors. During ascent, 
only the positive conductivity data yielded acceptable fits, as discussed above. After float was reached, the 
+ and - data agreed. 

In order to compare data from different times and places, the data must be normalized to a chosen altitude. 
Since the two largest data sets used in this study, EMA and ELBBO, were super-pressure balloons that 
floated at an altitude of 26 km, this height has been selected as the common reference height. This choice has 
the added advantage that the positive conductivity data are only slightly affected by photeemission effects. 
In order to display the entire data base in as comprehensible a way as possible, data from all of the flights 
in Table I have been plotted as a function of time (Figure 8) and as functions of both time and geographic 
latitude using a projected trimetric plot (Figure 9). In both of these figures, a single point has been plotted 
for each zero-pressure balloon flight. Since the super-pressure flights covered a period of months, every data 
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Fig. 9. Conductivity at 26 km altitude is plotted as a function of latitude and time using a projected trimetric 
view from all flights considered in this study. Negative polar conductivity is plotted for all flights except the 
Laramie, Wyoming results (41°N, 1978-1983). 

point from these flights was plotted using smaller symbols in Figure 8. 

DISCUSSION 
Early Palestine, Roberval and Siple Flights 

In our earlier papers that focused on flights prior to 1985, electrical conductivity profiles in the stratosphere 
were obtained from nine high-altitude balloons launched from three locations, widely separated in latitude 
(Byrne et al., 1988). Variations in the conductivity profiles were examined on local and global scales. The 
major conclusions of this work that are germane to this paper are as follows: 

1. The average profile at high latitude (76”s) is in good agreement with the Hays and Roble (1979) 
model profile. The disagreement between their model and the measured profiles increases with decreasing 
latitude. The Cole and Pierce (1965) model appears to significantly overestimate the conductivity for all 
latitudes. 

2. The conductivity profiles at each latitude exhibited a significant day-to-day scatter. The measure 
ments over Palestine and Roberval were made during quiet solar and geomagnetic conditions. Therefore the 
major differences in these profiles do not appear to be explained by this type of activity. The measurements 
over Siple Station were made during periods of variable geomagnetic conditions, which may partly account 
for the observed scatter in the conductivity profiles. However, the scatter cannot be explained simply on 
the basis of changes in the ionizing cosmic ray flux, which did not vary significantly from flight to flight. 
The day-to-day variations in conductivity were apparently dominated by local effects. 

3. The effect of cosmic ray ionization on the latitudinal variation of the conductivity was examined. The 
observed latitudinal variation in conductivity is not explained by a latitudinal distribution of cosmic ray 
ionization alone. 

4. The effects of aerosols and temperature on the latitudinal variation of the conductivity were examined. 
A background distribution of aerosol concentrations as a function of altitude and latitude was estimated 
and parameterized. By including the effects of aerosols, the agreement between the observed and calculated 
variation of the conductivity with latitude was improved although, the effect is too small to account for the 
observed variation. At high latitudes the conductivity may be maintained by a balance of ion recombination 
and cosmic ray ionization, while ion-aerosol attachment is insignificant. The role of aerosols becomes more 
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important with decreasing latitude. The large variation in stratospheric temperatures with latitude was 
found to be a more important factor than the background aerosols. Overall, the addition of both aerosol 
and temperature effects results in a significant improvement in the agreement between the calculated and 
observed variation in conductivity. The implication of this work is that although the conductivity is quite 
variable due to many meteorological factors (Roble and Tzur, 1986), global models of conductivity may be 
improved by including the effects of a latitudinal distribution of aerosols and temperature. 

Later Flights 
Most of the recent discussion of the results used in this paper have focused on issues such as the effect 

of thunderstorms on stratospheric conductivity, which are not germane to the results of this study. One 
interesting result is that geomagnetic latitude is the dominant organizer of the ELLBO data (Holzworth et 
al., 1992; Holzworth and Hu, 1992; Hu, 1994). Ionization rate variations associated with cosmic ray cut-off 
rigidity variations appear to be sufficient to account for the latitude variations encountered by ELBBO, 
without the necessity of considering latitude gradients of temperature and aerosol content. 

There is no good model that accounts for the day to day fluctuations found in the various campaigns, and 
in the high precision data of the 1999 flights. Any discussion of site to site and apparent long term variations 
must be tempered with an awareness of how large the natural short term fluctuations are at a given site. 
One aspect of these fluctuations that has emerged from this study is the fact that the fluctuation amplitude 
appears to be latitude dependent. The day-to-day and hour-to-hour variations observed at Hyderabad have 
an amplitude of about 5%, which is much smaller than the variance observed at Palestine, for example. This 
latitude gradient of variance is a new observation for which there is, as yet, no proposed model. 

Solar Cycle Variations 
The error bars on the Hyderabad data are estimated to be about 3% of the mean. This level of precision 

permits an investigation of solar cycle and climatic effects on the data that the noisier higher latitude data 
do not support (Gupta, 2000). The data indicate that there is a 25% modulation of the stratospheric 
conductivity during a solar cycle that is positively correlated and in phase with sunspot number. At 32” 
latitude, the data suggest a similar behaviour at the two standard deviation significance level. At higher 
latitude, 42” and above, the natural short term variance obscures the solar cycle signal, if any is there. 

CONCLUSIONS 
Review of the data presented lead us to realize that very little can be concluded at this time. Unexplained 

day to day variations dominate the data at high latitude. The data suggest that conductivity is declining in 
time and that the conductivity is lower in the S. Hemisphere. One might try to explain the former effect as 
the result of increasing aerosol or water vapor content of anthropogenic origin. However, such an explanation 
would also predict that the conductivity should be higher rather than lower in the Southern hemisphere. 
Thus, in terms of possible mechanisms, these suggestions are inconsistent. 
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PREFACE 

The Scientific Sympos ium 2.6 
LIGHTNING MIDDLE ATMOSPHERE INTERACTION 

held on 20 July, 2000 

S e s s i o n  C h a i r p e r s o n  : Dr.  R. G o l d b e r g  

It is well known that several types of signatures of upward propagating lightning 

activity have been observed in the middle atmosphere and upper atmosphere. These 

aspects were discussed in the Symposium "'Lightning Middle Atmosphere 

Interaction". This Symposium comprised of one invited paper and eight contributed 

papers. The invited paper was presented by E.A. Bering III on balloon borne results 

on sprites. A.N. Lyakhov discussed the atmospheric response to electromagnetic 

pulse to trigger sprites. M.J. Rycroft presented a model calculation for the generation 

of elves. R.H. Holzworth discussed rocket-borne measurements over a thunderstorm. 

L.C. Hale discussed the mesospheric electric field measured by rocket-borne probes. 

G.A. Mikhailova presented satellite observations of A.C. electric field in different 

frequency bands over powerful typhoons in the Pacific ocean. P.I.Y. Velinov 

discussed a model on ionospheric effects of thunder clouds. The balloon-borne 

measurements of stratospheric conductivity at float altitudes over low latitude were 

presented by S.P. Gupta. The credit for the success of the Symposium goes to many 

persons. Prof. R.H. Holzworth and Dr. R. Goldberg were scientific organisers of the 

Symposium. I am very thankful to them. I would like to thank referees Professors 

M.J. Rycroft, B.H. Subbaraya and Harish Chandra. 

S.P. Gupta 

Ahmedabad, India 

2583 

131



~ Pergamon 

www.elsevier.com/locate/asr 

Adv. Space Res, Vol. 30, No. 11, pp. 2631-2635, 2002 
© 2002 COSPAR. Published by Elsevier Science Ltd. All rights reserved 

Printed in Great Britain 
0273-1177/02 $22.00 + 0.00 

PII: S0273-1177(02)00232-6 

SEMIDIURNAL VARIATIONS OF STRATOSPHERIC 
CONDUCTIVITY AT BALLOON FLOAT ALTITUDE 

S.P. Gupta 

Physical Research Laboratory, Ahmedabad 380 009, lndia 

ABSTRACT 

Ten balloon flights were conducted from Hyderabad, India to measure polar conductivity. 
Measurements were carried out during balloon ascent as well as at float altitude. At float 
altitude, i.e. 32-36 km, the measurements were carried out for a period ranging from 5 hrs to 
10 hrs. At sunrise the conductivity always decreases. At around 1000 hrs local time the 
conductivity is maximum and again decreases at around 1400 hrs. This variation shows that 
at float aMtude, 32-36 km the conductivity shows semi-diurnal variations. We suggest that 
this is due to semidiurnal tide. © 2002 COSPAR. Publ ished by Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

The electrical conductivity of middle atmosphere is an important parameter, which plays 
a significant role in global electric circuit. The stratospheric conductivity has a solar cycle 
variation, which is latitudinal dependent (Neher 1967). However, over a low latitude site like 
Hyderabad (17.3°N, 78.5°E, Geomag Lat. 8°N) the solar cycle effect should be negligible 
(Neher 1967). The conductivity in troposphere and stratosphere is dependent on cosmic rays 
intensity. The cosmic ray flux varies inversely with solar cycle. The production of ionization 
due to cosmic rays is maximum at 15 km altitude (Volland 1984). 

Existence of a solar cycle variation in stratospheric conductivity over Hyderabad was 
shown by Gupta (2000). For the first time Gupta (2000) showed the results of four flights 
conducted, from Hyderabad during low and high solar activity period, two flights each on low 
solar actMty period and high solar activity periods. Between 20 km and 35 km region the 
polar con,-luctivity is found to be larger during high solar activity period compared to low 
solar actMty period. This was explained by Gupta (2000) to be due to changes in ion 
composition from low solar activity period to high solar activity period. The UV radiation 
intensity is higher during high solar activity period as compared to lower solar activity period 
(Lean et ~ ,  1997) and hence heavier cluster ions can break to lighter mass ions more easily 
which in turn can give higher conductivity. 

Diurnal variation of conductivity is believed to be very small since the cosmic ray flux 
does not vary over a period of a day. But Gupta et al. (1992) have shown that conductivity at 
float altitude has diurnal variation also. Norville and Holzworth's observations (1987) show 
that at 26 km float altitude conductivity increases at noon, but they neglected the effect. 
Croskey et al. (1985) have shown pre-sunrise effect on conductivity at low latitudes at 18 km 
altitude. Ogawa and Tanaka (1976) had also reported conductivity values at float altitude at 
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25 km. They also have observed semidiurnal variation in conductivity. 
explain the results according to semi diurnal tidal effect. 

But they did not 

RESULTS 

We present here the results of  polar conductivity. These measurements were carried out 
from Hyderabad. We consider only float altitude measurements. All the measurements, 
except one flight, are made with a relaxation time probe (Gupta and Narayanan, 1987). 

Figure 1 shows the results of  the flight conducted on 17 October, 1989. The balloon was 
launched around mid-night and it reached float altitude around 02.00 hrs. It was kept at float 
altitude till 1000 hrs. It can be seen that conductivity decreases at sunrise (around 06.00 hrs). 
and recovers to normal value at 10.00 hrs which is same as night time value. Figure 2 shows 
the results of  the flight conducted on 29 December, 1985. The float altitude in this flight was 
34 km Here also we see a decrease after sunrise, but the magnitude is smaller. We could 
float the balloon only upto 08.30 hrs IST and therefore cannot see the recovery. Figure 3 
shows the conductivity results of  two balloon flights conducted on 11 April, 1988 and 22 
April, 1989 which also demonstrates the sunrise effect, i.e. a decrease after sunrise and 
becoming maximum around noon and again decreasing around 1400 hrs. The float altitude in 
this case was 36 km The extrapolated values were taken from our earlier flight conducted on 
18 April 1984 (Gupta and Narayanan, 1987). Figure 4 shows the results of  flight conducted 
on 5 January, 1994 which also shows the sunrise effect. 

DISCUSSION 

The polar conductivity measurements carded out from Hyderabad at float altitude show 
that the conductivity decrease at sunrise, is maximum around 1000 hrs and again at around 
1400 hrs there is a minimum. So we see a semidiurnal variation of  conductivity. The time 
interval between two minimum values of  two maximum values is about 10 hrs to 12 hrs. 
(Gupta et al., 1992). 

We suggest that this is not a solar zenith angle dependence effect, but related with semi- 
diurnal tide. The semidiurnal tide is dominant over low latitude. Our conductivity values 
exactly follow semidiurnal tide pattern. Sarabhai et al. (1953) have studied at ground level 
the daily variation of  cosmic ray intensity. The cosmic ray intensity at ground level was 
found to be inversely proportional to the ground level pressure. 

The production rate of  ions by cosmic rays is given by 

dn/dt = q-~n 2 (1) 

where q is production rate, ot is recombination coefficient and n is ion density. 

The cosmic ray produced ionization, is neutral density dependent. Perkeris (1937) has 
shown that the semidiurnal variation of pressure at 30 km altitude is 180 degree out of  phase 
with the observed pressme oscillations at the ground. That the pressure at ground level over 
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low latitude decreases at .sunrise as is well known. Therefore according to Perkeris (1937) 
the pressure at 30 km altitude should increase at sunrise. Since the conductivity is a function 
of pre,~sure, higher the pressure, lower the conductivity. We conclude that the decrease in 
conductivity at sunrise and again at afternoon hours is due to semidiurnal pressure oscillations 
at these altitudes. 
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0\�LQWHUDFWLRQ�ZLWK�3URI��6��3��*XSWD�EHJDQ� LQ������ZKHQ� ,�VWDUWHG�P\�GRFWRUDO� UHVHDUFK�XQGHU�3URI��5��

6HNDU�DQG�'U��'��&KDNUDEDUW\�RI�WKH�6SDFH�	�$WPRVSKHULF�6FLHQFHV�'LYLVLRQ�DW�35/��$W�WKDW�WLPH��3URI��

*XSWD� ZDV� RQH� RI� WKH� VHQLRU-PRVW� SHUVRQV� ZKR� UHJXODUO\� YLVLWHG� WKH� GLYLVLRQ� WR� FRQWLQXH� KLV� UHVHDUFK�

ZRUNV��,Q�35/��KH�ZDV�IDPRXV�DV��*XSWD-ML���*XSWD-ML�DQG�P\�VXSHUYLVRUV�VKDUHG�D�UHODWLRQVKLS�RI�WUXVW�DQG�

IULHQGVKLS��7KH\�ZHUH�DFWLYH�VFLHQWLILF�FROODERUDWRUV�IRU�PRUH�WKDQ�D�GHFDGH�DQG�KDG�PDQ\�VFLHQWLILF�SXEOL�

FDWLRQV�WR�WKHLU�QDPH��*XSWD-ML�RIIHUHG�SRVLWLYH�FRPPHQWV�VXJJHVWLRQV�LQ�P\�UHVHDUFK�ZRUNV�DQG�ZDV�D�FR-

DXWKRU� LQ�PDQ\� RI�P\� SXEOLFDWLRQV�� 7KHUHIRUH�� RXU� LQWHUDFWLRQV� LQFUHDVHG� GXULQJ�P\� GRFWRUDO� DQG� SRVW-

GRFWRUDO� WHQXUHV�DW�35/��2XU�ZRUN�RQ�WKH�DOWLWXGH�RI�HTXDWRULDO�HOHFWURMHW� LV�SUREDEO\�KLV� ODVW�SXEOLFDWLRQ�

�\HDU������� 

*XSWD-ML�ZDV�ZKROO\�HQJDJHG�LQ�WKH�VRXQGLQJ�URFNHW�H[SHULPHQWV�VLQFH�WKH�HDUO\�\HDUV�RI�VXFK�FDPSDLJQV�

LQ�,QGLD��+H�KDG�PRUH�WKDQ����VXFFHVVIXO-VRXQGLQJ�URFNHW�H[SHULPHQWV�IURP�7KXPED�5RFNHW�/DXQFK�6WD�

WLRQ��+H�FKHULVKHG�WKLV�WUHPHQGRXV�H[SHULHQFH�DQG�WKH�WLPH�VSHQW�LQ�*HUPDQ\�GXULQJ�KLV�HDUO\�UHVHDUFK�FD�

UHHU��2XU�WHD-WDEOH�GLVFXVVLRQV�UHIOHFWHG�WKLV�ZKHQ�KH�ZRXOG�QDUUDWH�WKH�WLPH�VSHQW�DW�7KXPED�DQG�RFFDVLRQ�

DOO\�VSHDN�LQ�*HUPDQ��*XSWD-ML�KDG�DQ�DPD]LQJ�PHPRU\��+H�ZRXOG�QDUUDWH�LQ�GHWDLO�KLV�H[SHULHQFHV�GDWLQJ�

EDFN�WR�HYHQ�WKH�����V� 

)RU�PH��KH�ZDV�D�ZDONLQJ�HQF\FORSHGLD�RI�WKH�IDFWV�RQ�URFNHW�IOLJKWV�DQG�UHODWHG�REVHUYDWLRQV��+H�LPPHQVH�

O\�KHOSHG�PH�WR�ZRUN�ZLWK�WKRVH�GDWDVHWV�DQG�UHYLVLW� WKH�ROG�WHOHPHWU\�UHFRUGV�ZKHQHYHU�UHTXLUHG��+H�DO�

ZD\V�DSSODXGHG�P\�VFLHQWLILF�DSSURDFK�DQG�HQFRXUDJHG�PH�WR�ORRN�IRU�JUHDW�RSSRUWXQLWLHV�LQ�OLIH��+H�ZRXOG�

VKDUH�KLV�IDWKHU
V�DGYLFH���7U\�WR�EH�LQ�WKH�FRPSDQ\�RI�JUHDW�SHRSOH��HYHQ�LI�\RX�DFTXLUH�D�JOLPSVH�RI�WKHLU�

TXDOLWLHV��\RX�ZLOO�JURZ�IDVWHU��� 

 

,� DOZD\V� DGPLUHG� KLV� SRVLWLYH� DSSURDFK� WRZDUGV� OLIH��+H�ZRXOG� WU\� WR� EH� DFWLYH�� NHHS� OLIH� VLPSOH�� FUDFN�

MRNHV�DQG�ODXJK�ORXGO\��+H�ZDV�WKLV�ZD\�XQWLO�RXU�ODVW�WHOHSKRQLF�FRQYHUVDWLRQ�ZKHQ�KH�JRW�&29,'��D�IHZ�

GD\V�EHIRUH�KLV�VDG�GHPLVH���+H�ZLOO�IRUHYHU�UHPDLQ�LQ�RXU�KHDUWV�� 

'U��.XOGHHS�3DQGH\ 
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